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ABSTRACT 
 
 
The chemistry demonstrated in this dissertation is concerned with the synthesis, 
structure, properties and applications of inorganic solids containing iron(II,II) redox 
centers.  The endeavor in exploratory synthesis is due largely to the employment of 
molten salt fluxes such as alkali metal chloride.  These halide-fluxes act in two parts; 1) 
as a solvent to lower the reaction temperature and 2) as an in situ source of unavailable 
alkali oxides through metathesis reactions.  Using these halide fluxes has allowed for the 
discovery of several new transition metal-containing phosphates, arsenates, and 
vanadates for a structure/property correlation study.  From this study the selected 
compounds were evaluated for their usefulness in ion-exchange and battery applications. 
These iron(II,III) phosphates, arsenates, and vanadates with interesting structural 
frameworks and physical properties have been prepared by exploratory synthesis.  Crystal 
growth was achievable by high-temperature, solid-state reaction in molten-salt media.  
Characterization was done by single crystal and powder X-ray diffraction, electron 
microscopy, thermal gravimetric analysis, UV-Vis diffuse reflectance, magnetic 
susceptibility measurements, IR, inductively coupled plasma optical emission 
spectroscopy, X-ray photoelectron spectroscopy, neutron diffraction, and electrochemical 
(battery cell) testing. 
In this dissertation, research into several different ion-exchange/insertion 
characteristics will be discussed by newly discovered iron (II,II)-containing solids.  Two 
new oxyanion-based iron oxides, Cs4.65K4.35Fe7(PO4)10 and A2Fe3(XO4)3; A = Na or 
K/Na, X = P, As, have shown interesting frameworks for ion-exchange.  These 
 iii 
compounds demonstrate how the larger the A-site cation, the more Li+ cations can be 
exchanged into the system owing to the weak A-O bonding.  Two other compounds, 
A3Fe3(XO4)4 and KFe3(AsO4)3; A/X = Cs,K/As, Na/P, are showing the ability to perform 
concomitant Li+-exchange/redox insertion.  This once again demonstrates the 
effectiveness of the large cations “templating” large openings, which can allow for 
additional Li+ cations to be inserted into the structure.  Several other new compounds are 
discussed for their potential applications as electrode materials. 
The study of high voltage primary lithium batteries is also investigated.  Our idea is to 
synthesize compounds that contain two high reduction potential transition metals, Ag and 
Fe, with respect to their choice of oxyanions (polyanions).  We also attempt to use the 
inductive effect of the polyanion to further increase the reduction potential of the 
Fe3+/Fe2+ couple.  Four new compounds, Ag3Fe(VO4)2, AgFeV2O7, Ag4Fe5O2(PO4)5, and 
Ag3Fe3(PO4)4, were studied for their electrochemical properties, with initial voltages 
above 3 V.  There have also been several new silver iron(III) phosphates that have been 
synthesized for a systematic study of their structure and electrochemical behavior. 
Our study of structure/property correlations should offer insight and a better 
understanding of battery materials and applications.  These findings should lead to a 
further development of these materials and the future directions of materials discovery for 
the applications of next generation battery devices. 
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1 
CHAPTER ONE 
 
INTRODUCTION 
 
Solid-state chemistry, like other branches of chemical science, is concerned with the 
synthesis, structure, properties and applications of crystalline inorganic solids.  The 
majority of inorganic solids are non-molecular and their properties are determined by the 
manner in which the atoms or ions pack together in three dimensions.  In molecular 
substances, however, the structure and properties are those of the individual molecules.  
Therefore, solid-state chemistry is largely driven by the synthesis and characterization of 
molecular and non-molecular solids that exhibit unique properties for special applications 
due to the close interaction of atoms in solids.1 
In the period since the mid 1980’s, there have been many major scientific advances in 
inorganic materials witnessed, including the discovery of the high Tc superconductors, a 
new form of carbon (C60) and its associated fullerenes and fullerides, and the commercial 
development of intercalation compounds for rechargeable lithium battery applications.  
As demonstrated by the last example, advances in technology and the need for new 
materials in device applications, have driven the rapid growth of solid-state chemistry.  
Hence, exploratory synthesis has played an important role in terms of characterization of 
new and improved materials of electrical, optical, magnetic or catalytic importance.  The 
variety and complexity of these structures and the evaluation of the factors that control 
and influence the crystal structures and physical properties, are the elements that made 
solid-state chemistry a dynamic area of research.  As a result, exploring new materials 
with novel properties or modifying known structures must start from understanding the 
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basics, such as structure and bonding, which determine the properties.  From the 
understanding of these properties, applications can be enhanced.  One of these 
applications, which is the focus of this dissertation study, is secondary (rechargeable) and 
primary (non-rechargeable) lithium battery materials. 
 
Secondary lithium battery materials 
During the past century much attention has been devoted to the exploratory synthesis 
of transition-metal (TM) oxides for purposes in lithium rechargeable batteries.  
Rechargeable Li-ion cells are key components of the portable, entertainment, and 
computing equipment required by today’s information-rich, mobile society.  Among the 
various existing technologies, Li-based batteries currently outperform other systems, 
accounting for 63% of worldwide sales in portable batteries.  The motivation for using a 
battery technology based on Li metal as an anode relied initially on the fact that Li is the 
most electropositive (-3.04V versus standard hydrogen electrode) as well as the lightest 
(M = 6.94g/mol and specific gravity ρ = 0.53g/cm3) metal, thus facilitating the design of 
storage systems with high energy density.2  It was soon found that certain inorganic 
compounds were shown to react with alkali metals in a reversible way.  These are 
intercalation compounds and the discovery of which was crucial in the development of 
high-energy rechargeable Li systems.3   
In 1972, Exxon embarked on a large research project on lithium-metal batteries using 
TiS2 as the cathode, Li metal as the anode and lithium perchlorate in dioxolane as the 
electrolyte.4  TiS2 was the best intercalation compound available at the time, having a 
 3 
layered-type structure with van der Waals gap where intercalation chemistry takes place.  
But in spite of the impeccable operation of the positive electrode, the system soon was 
found to have shortcomings of a Li-metal/liquid electrolyte combination; uneven 
(dendritic) Li growth as the metal was replated during each subsequent discharge-charge 
cycle (Fig 1.1a), which led to explosive hazards.  In the meantime, significant advances 
in intercalation materials had occurred with the realization that oxides were giving high 
capacities and voltages.5  Also, the idea that only low-dimensional materials could give 
sufficient ion diffusion disappeared, as framework structures proved to function perfectly.  
Goodenough, with LixMO2 (where M is Co, Ni, or Mn),6 first suggested this family of 
compounds as battery materials and most are still used almost exclusively in today’s 
batteries. 
To overcome the safety issues surrounding the use of Li metal, several alternative 
approaches were pursued in which either the electrolyte or the anode was modified.  The 
first approach involved substituting metallic Li with a second insertion material (Fig. 
1.1b).7  Because of the presence of Li+ in its ionic rather than metallic state, Li-ion cells 
solve the dendrite problem and are inherently safer than Li-metal cells.  To compensate 
for the increase in potential of the anode, high-potential insertion compounds were 
needed for the cathode, and the emphasis moved from layered-type disulphides, such as 
TiS2, toward layered or three-dimensional-type transition metal oxides.8  Metal oxides are 
more oxidizing than metal sulphides (higher insertion potential) owing to the more 
pronounced ionic character of M-O bonds compared to M-S bonds. 
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Figure 1.1.  Schematic representation and operating principles of Li batteries. 
a. Rechargeable Li-metal battery; b. Rechargeable Li-ion battery 
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In 1991, the Sony Corporation helped lead to the creation of the C/LiCoO2 (rocking 
chair) cell.9  This type of Li-ion cell, having a potential of 3.6V (three times that of 
alkaline systems) and gravimetric energy densities as high as 120-150 Wh/kg (two times 
that of Ni-Cd batteries), is found in most of today’s high-performance portable electronic 
devices.  Shannon et al10 were the first to report an ion exchange with this structure type.  
They synthesized delafossite oxides, PdMO2 and AgMO2, from LiMO2 phases through 
ion-exchange reactions (Fig. 1.2).  The usual mechanism by which these materials react 
reversibly with lithium involves a classical intercalation reaction, during which lithium is 
inserted (or extracted), while the M ions are reduced (or oxidized).  The electrochemical 
conversion of LiMO2 to MO2 allows a maximum charge transfer of one electron per 
metal atom, thereby, limiting the overall electrochemical capacity of the electrode. 
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LiMO2 + AgNO3 → AgMO2 + LiNO3
+AgNO3
-LiNO3
 
Figure 1.2.  Transformation of (a) LiMO2 (α-NaFeO2) to (b) AgMO2 (delafossite 
structure) by ion exchange.  (M = Cr, Co, Rh) 
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In the search for improved materials for positive electrodes, it has been recognized 
recently that NASICON or olivine (oxyanion) structures, built from sharing vertex 
oxygen atoms of MO6 octahedra and XO4 tetrahedra anions (where X is S, P, or As), 
offer interesting possibilities.11  NASICON (Na1+xZr2SixP3-xO12) is a well-known open-
framework oxide that exhibits fast sodium ion conduction as well as sodium ion 
exchange.12  To add redox capabilities, it was found that several analogues of the 
compound could be made where the Zr4+ was substituted for transition metals with 
multiple oxidation states, e.g. Fe.  These NASICON-type frameworks are unique in that 
they exhibit three properties pertinent to the development of electrochemical cells; these 
include ionic conductivity, ion exchange and redox insertion/extraction, which 
characterize good lithium ion mobility in ionic solids.  Polyoxyanionic structures, such as 
NASICON-type, possess M-O-X bonds.  Altering the nature of X will change the ionic-
covalent character of the M-O bonding attributed to the inductive effect.  Using this 
information, it is possible to systematically map and tune transition-metal redox 
potentials.  For instance, with the use of the phosphate polyanions PO43-, the Fe3+/Fe2+ 
redox couples lie at higher potentials than in the oxide form.  In the case of the Fe3+/Fe2+ 
in oxides, the potential (1.23 V)6 is too close to the Li/Li+ couple, which results in a low 
voltage.  With the incorporation of polyanions into the framework, the transition-metal 
redox couples are actually stabilized, i.e., the potentials are made more positive by the 
presence of the XO4 tetrahedra in the structure.  These polyanions exhibit strong 
polarization of the oxygen atoms toward the X cation and subsequently lower the 
covalent component in the M-O bond by the inductive effect.  Thus, the reduction 
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potential of Fe3+/Fe2+ in iron polyanion structures is as high as 3.5V (vs. Li/Li+).  
However, one of the main drawbacks with using these materials is their poor electrical 
conductivity.  This limitation was overcome through various materials processing 
approaches, including the use of carbon coatings, mechanical grinding, and low-
temperature synthesis routes to obtain tailored particles.13,14 
LiFePO4, which is a serious candidate for positive electrodes in the next generation of 
lithium batteries, has a hexagonal close packed (HCP) array of oxide ions, where Li+ 
resides in octahedral sites (Fig. 1.3).  The framework consists of FeO6 octahedra that are 
edge- and corner-shared to PO4 tetrahedra.  The iron oxide network consists of corner-
shared FeO6 octahedra, which form sheets of 4-membered rings down the a-axis.  These 
sheets are connected by the corner-shared PO4 tetrahedra to form channels down the c-
axis (Fig. 1.4).  This structure, is therefore a 3D framework consisting of channels in 2 
directions.  LiFePO4 is being studied because of its low cost, low toxicity, and relatively 
high theoretical specific capacity of 170 mAh/g.  The early drawback of LiFePO4, poor 
electronic conductivity, has been resolved by coating the particle surface with carbon.15  
Li1-xFePO4 can presently be used at 90% of its theoretical capacity (165 mAh/g or x ≤ 
0.6) with decent rate capabilities (Fig. 1.5). 
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Figure 1.3.  Ball and stick representation of LiFePO4 showing the channel 
framework on the b-axis. 
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Figure 1.4.  Ball and stick representation of LiFePO4 showing the channel 
framework on the c-axis. 
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Figure 1.5.  Cycling behavior at 55oC of an optimized LiFePO4/C composite 
electrode at a scan rate of C/10.  Fine particle of LiFePO4 were obtained from 
annealing at 500oC a solid intimate mixture resulting from evaporation of an 
aqueous solution containing Li, Fe(III) and P precursors.  The composite 
electrode was obtained from ball-milling LiFePO4 with carbon SP.11 
 12 
Primary Lithium Batteries 
Vanadium oxides have also been long studied as potential battery materials for 
primary lithium battery applications.16  They have several advantages such as large 
capacity, high voltage, and, owing to their layered nature, excellent kinetics that make 
them attractive battery materials.  Their major drawback, however, is the tendency of 
vanadium oxides to become amorphous upon cycling.  Numerous studies have shown 
that adding a second metal cation to the structure, i.e., LiV3O8, Ag2V4O11, or MnV2O5, 
can increase the framework stability upon lithium insertion.17  Ag2V4O11, or silver 
vanadium oxide (SVO), was one of the first silver vanadium oxides that were discovered, 
while studying the electrochemical synthesis in V-O systems.  The structure consists of a 
pseudo-2D, layered framework (Fig. 1.6).  The framework is made of edge- and corner-
shared VO6 octahedra.  There are 2 crystallographic vanadium sites in the structure.  
V(1)O6 is edge-shared to V(2)O6, which form chains down the b-axis.  These chains are 
connected through corner-shared V(1)O6 groups, which make up the sheets of the 
vanadium oxide (Fig. 1.7).  In between is where the Ag+ cations reside.  The Ag+ cations 
are 5 coordinate and are edge-shared to form a chain down the b-axis between the layers 
of vanadium oxide (Fig. 1.8).  SVO has been well characterized and is used as a cathode 
material in primary lithium batteries for high-rate applications, such as implantable 
cardioverter defibrillators (ICDs).  For these types of batteries, the requirements are very 
specific and include delivering not only high capacity, for long device life, but also high 
voltage and power to recharge the capacitors quickly.18 
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A list of currents cathode materials and their electrochemical properties is listed in 
Table 1.1.  The capacity is influenced by the amount of Li+ that can be inserted into the 
structure, which is directly related to the amount of reducible metals that are in the 
structure.  The power is governed by both the voltage and the conductance.  Power is 
calculated by amperage × voltage, which converts to P = V2/R, therefore, electrical and 
ionic conductivity are the key.  LiFePO4 has poor intrinsic conductivity, consequently 
does not offer high power, thus the need for the silver vanadates compounds.  A long-
term goal for medical batteries is to increase the amount of capacity above 3 V.  In SVO, 
the initial voltage plateau at 3.25 V corresponds to silver reduction, while a second 
plateau corresponds to vanadium reduction, occurring at 2.5 V.  While SVO has a high 
capacity (315 mAh/g), 71% of the capacity is a result of the V reduction.  Therefore, the 
goal is to make a compound which has a greater Ag:V ratio, which will increase the high-
voltage component of the electrode.  However, the initial results showed this compound, 
Ag4V2O7, to have very poor kinetics, low usable capacity, or low conductivity.19 
An alternative approach, using a higher Ag:V ratio in a mixed metal oxide, is to 
replace the oxide with more electronegative fluoride anions, such as F-.  This would allow 
for an increase in silver content without completely eliminating the dimensionality of the 
vanadium oxide framework, thus, maintaining some conduction pathways between 
vanadium centers, while increasing the reduction potential of the material.  A new phase, 
Ag4V2O6F2 (SVOF), was reported that has a higher Ag:V ratio as well as having sheets of 
vanadium oxide fluoride chains separated by silver cations (Fig. 1.9).20  SVOF has 
several properties that make it a potentially useful primary battery material.  One 
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advantage is that it has a high Ag:V ratio, while preserving critical connectivity in the 
vanadium oxide fluoride framework.  Another is the silver lying between layers of 
vanadium oxide fluoride sheets, this allows for lithium diffusion into the material.  Due to 
all of these factors, SVOF gives a higher initial voltage and a larger percentage above the 
3 V goal.  However, the major drawback of this structure is the lower reduction plateau 
for the vanadium; it is roughly 2V rather than 2.5V in SVO.  In the SVOF, the vanadium 
framework consists of vanadium oxide tetrahedral and vanadium oxide fluoride 
octahedra.  This affects the reduction of vanadium because V5+ octahedron can be 
reduced without structural rearrangement; however V5+ tetrahedron cannot, because 
tetrahedral vanadium coordination exists only in the 5+ oxidation state.21  Therefore, to 
maximize the reduction potentials, a more flexible vanadium structure is needed. 
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Table 1.1.  Current cathode materials and their electrochemical properties. 
Compound Capacity (mAh) Voltage (V) Power (W) 
Pb-acid 100000 – 160000 2.1 180 
Alkaline (MnO2) 500 – 12000 1.5 1.5 
LiCoO2 500 3.9 – 4.7 8.2 
LiMn2O4 100 3.8 6.9 
NiMH 1500 1.2 250 - 1000 
NiCd 100 1.2 150 
LiFePO4 165 3.5 10 
Ag2V4O11 310 3.25 750 
Note: The order of these cathode materials is based upon the date of discovery. 
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Figure 1.6.  Ball and stick diagram of Ag2V4O11 showing the layered framework. 
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Figure 1.7.  Vanadium oxide network of Ag2V4O11 showing the edge-shared chains 
connected by corner-shared VO6 octahedra. 
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Figure 1.8.  Silver oxide connectivity of Ag2V4O11 showing the edge-shared AgO5 
units in between the vanadium oxide layers. 
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Figure 1.9.  Ball and stick representation of Ag4V2O6F2 showing chains of 
alternating vanadium oxide tetrahedra and vanadium oxide fluoride octahedra 
separated by silver ions. 
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Goals for secondary lithium battery materials 
Our idea of designing new battery materials is to take into account the current 
knowledge in parameters that best describe the materials in terms of performance in 
electrochemical cells.  The anticipated systems consist of large open-framework 
structures, which are formed by using larger than lithium alkali cations.  The larger alkali 
cations serve as “templating agents” for the large frameworks made of channels and 
layers.  These larger alkali cations will thereby maximize the size of the open-
frameworks where lithium cations reside.  This will allow for facile ion-exchange and 
ion-transport in the structures.  Another way to assist ion-exchange is to have weak A-O 
bonding.  The large cations will allow for weaker A-O bonding due to the longer distance 
between the A-site cation and the oxide anion.  As a result, performing soft chemistry 
will not only allow for Li+-exchange, but possibly insertion of additional Li+ into the 
structure upon reduction, see further illustrations in Chapter 2.  This will optimize the 
amount of cations in the structure and allow for more Li+ to be removed during the 
charging process, creating a higher capacity.  Figure 1.10 illustrates the concept, 
presenting a schematic drawing of idealized features.  Intuitively, compounds with this 
type of large open-framework structures will allow experimental and theoretical 
developments to be studied and will allow us to observe the behavior of the redox couple 
and electrochemical properties as well. 
The Li-O bond strength is also dependent on the metal that is used.  This is because of 
the orbital overlap of the oxygen to the metal cations.  Studies have shown that, if Fe is 
compared with Ru, the Fe has a stronger bond with the oxygen because its valence 
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electrons in the 3d orbitals are closer to those of the oxygen; thus, creating a strong 
covalent interaction with the oxygen. 
The frameworks around the electropositive cations will consist of environmental 
friendly transition metals and polyanions.  Most of the transition metals in the compounds 
that will be discussed, are in the charged (oxidized) state, e.g., Fe3+.  However, in most 
rechargeable lithium batteries, the cathode material is in the discharged state.  This is 
because the first step in a rechargeable battery is the charging process, which eliminates 
the use of metallic lithium metal because the Li+ cations are now coming from the 
cathode material.  Now all the Li+ cations are in the ionic state, which makes the battery 
safer.  However, to make an electrical charge to power a device, electrons have to flow 
from the anode to the cathode.  This is why the first step of a secondary lithium battery 
entails Li+ cations coming out of the cathode and into the anode.  To achieve full 
delithiation necessary for increased capacity, one challenge that has been faced is to keep 
the structural integrity of the cathode materials during the charging processes.  This is 
due to the structure collapsing when the Li+ cations leave the layers/channels of the 
structure.  One idea we had to fix this problem is to create a compound in the oxidized 
state, then through Li+-exchange/insertion we would be able to insert additional Li+ 
cations into the structure, while simultaneously reducing the transition metal.  This is 
advantageous because now the compound could be fully delithiated without collapsing 
because the original cation sites would remain occupied by the Li+ cations.  Therefore, 
this would enhance the stability of the structure during cycling. 
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Another feature of this type of mixed framework solids is the inductive effect of the 
polyanions.  A mixed framework consists of a transition-metal-centered MOx (x = 4~6) 
oxide polyhedron that is connected (via edge-, and/or corner-sharing) to a polyanion 
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Figure 1.10.  Cartoon showing transition metal/polyanion frameworks (circles) 
templated by larger than lithium alkali cations and the expected ion exchange products. 
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group (XO4).  As stated above, the more tightly bonded the oxygen is to the metal-
oxide framework, the easier the A-site cations can move through the structure.  However, 
one disadvantage of tightly bonded oxygen to the transition metal is the difficulty for the 
transition metal to have the desired redox chemistry.  To solve this problem, Goodenough 
suggested using a polyanion (X), which would cause a strong polarization of the oxygen 
atoms toward the X cation and subsequently lowering the covalent character of the M-O 
bond. 11  The choice of the polyanion also plays an important role in the redox potential 
of the transition metal.  The inductive effect is directly related to the electro-negativity of 
the X ion.  Therefore, to increase the reduction potential of the metal the most, a higher 
electronegative X ion is preferred. 
One other characteristic that will be looked for is the connectivity of the transition 
metal oxides.  Another study by Goodenough22 has shown that, in the case of LiFePO4, 
extensive sharing (face-, edge-, corner-) of the oxygen between the FeOx polyhedra 
increases the redox couple of the transition metal.  This is caused by the Madelung 
energy being lowered, thus, lowers the energy of the Mn+/Mn+-1 redox couple and 
generates a higher open circuit voltage (OCV).  The Madelung energy is lowest where 
the oxygen is farthest away from the transition metal; therefore, the trend shows that the 
Madelung energy decreases with increasing number of oxygens shared.  The goal for 
secondary batteries is to have an OCV of 3 V or greater and a close to 100% theoretical 
capacity of 150 mAh/g or more. 
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Goals for primary lithium battery materials 
Our idea to raise the amount of capacity above 3 V is to use two metals with high 
reduction potentials, thus, the study of Ag-Fe-X-O has been initiated.  This brings 
together the idea described above, that a polyanion raises the reduction potential of the Fe 
above 3 V.  This would allow for a higher percentage of ions in the structure which are 
creating a high voltage.  Therefore, two polyanion systems should be investigated, 
vanadium and phosphorus.  The vanadium will give the added bonus of being reducible; 
therefore, all of the ions provide capacity to the cell.  The phosphorus system will be 
studied to increase the Fe cation’s reduction potential the highest. 
 
Procedures for the Synthesis of Solid-State Materials 
Solid-state materials may be prepared in a variety of forms, such as single crystals, 
polycrystalline (a large number of crystals are present in various orientations), non-
crystalline amorphous or glassy solids by using solid-state chemistry. 
As stated in Chapter 2, several synthetic methods are available, such as conventional 
solid-state reaction, sol-gel synthesis, ion-exchange, intercalation, precursor, zone 
melting, vapor phase transport, hydrothermal, electrochemistry, and molten-flux growth 
methods.  To analyze and study the structure of solids, diffraction (X-ray, electron and/or 
neutron diffraction) and microscopy (optical and electron microscopy) techniques are 
often used.  Spectroscopic methods (IR, Raman, nuclear magnetic resonance (NMR), 
electron spin resonance (ESR), Mössbauer and electron spectroscopies (ESCA, UPS, 
AES, EELS)) are employed along with structural information for collective studies.  
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Therefore, the synthetic methods and physical techniques used for solid-state research are 
unique with respect to sample handling and characterization due to the nature of extended 
structure/property of solids compared to the other branches of chemistry. 
A typical solid-state chemical reaction is associated with high temperature and long 
duration.  In order for a reaction to occur at an appreciable rate, solids need to be heated 
at high temperature (>600ºC), because solids do not usually react with each other at room 
temperature over normal time scales.  At elevated temperature, both thermodynamic and 
kinetic factors have great influence in solid-state reactions.  Thermodynamic 
considerations show that a reaction will occur if the change of free energy, ∆G = ∆H – 
T∆S, is negative, while ∆S is always positive.  If ∆H is also positive, a high temperature 
is necessary to make the reaction possibly occur. 
In solid-state reactions, nucleation and crystal growth are the two steps desired in the 
reaction of two (or more) solids.  Usually, the nucleation step is difficult to achieve 
because the structures of the products and the reactants are considerably different and a 
large amount of structural reorganization is involved in forming the product.  Bonds must 
be broken and reformed while the atoms migrate, perhaps over considerable distances (on 
the atomic scale).  The other important factor is to get the right chemical composition at 
the proximity of the particle interface (nucleation site). 
At high temperatures, only the atoms or ions that have sufficient thermal energy will 
leave their normal lattice site and diffuse through the crystals.  Therefore, the use of high 
temperatures is necessary to make these types of reactions overcome the kinetic barrier.  
The crystal growth step could be even more difficult, due to the area of contact between 
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the reacting solids, the rate of nucleation of the product phase, and the rate of diffusion of 
ions through phase boundaries and especially through the product phase. 
Regrinding and mixing are often required for solid-state reactions.  Through this 
process, an intimate mixing of solid and necessary high surface contact can be achieved.  
An alternative method to increase the contact area and mixing is pressing the reactants 
into pellets.  Conventional ceramic synthesis for bulk materials often involves these 
procedures. 
Single crystals are essential and important because almost every structural 
characterization and many property measurements require compounds in single crystal 
form.  The problems associated with grain boundaries, impurities and etc. are common 
for polycrystalline samples.  These problems can be avoided by using single crystals.  
Thus growing single crystals has been the desired goal for most solid-state materials 
synthesis.   
Molten-flux methods utilize fluxes that melt at elevated temperatures.  They are good 
solvents and crystal growth media for materials containing extended structures.  The flux 
technique is a popular technique for many different types of ceramic solids.  The flux 
growth method has been successfully employed in our laboratory for the synthesis and 
structure/property correlation studies of new compounds.  It is an attractive method for 
crystal growth and product nucleation at much lower reaction temperatures.  An ideal 
flux should be inert to the reactants, relatively low melting point, low vapor pressure and 
high decomposition temperature, easily prepared and conveniently separated from the 
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crystals.  The reactants must be the only stable solid phase at growth conditions; and 
solubility of the reactants should decrease with temperature. 
Our group has been focused on the exploratory synthesis of the transition metal (TM) 
phosphates, arsenates, silicates, germinates, and vanadates, where the TM is the first-row 
transition metal elements.  Thus far, we have focused on selected elements of mid, such 
as Mn, Fe, Co, and late, such as Ni, Cu, transition metals for the survey studies of 
different chemistry. 
 
Scope 
In this dissertation study our major tasks are: 1) to explore new classes of extended 
solids forming large open-framework structures, 2) to explore the different methods of 
ion exchange, 3) study the structure/property correlation of ion exchangeable compounds, 
4) to explore a new class of extended solids using silver iron polyanions, and 5) study the 
electrochemical properties of the newly synthesized structures.  The dissertation research 
results are summarized in chapters 3-7.  Chapter 3 contains the study of two new iron 
phosphates, Cs4.65K4.35Fe7(PO4)10 and KNaFe3(PO4)3, exhibiting channel structures.  The 
Cs5K4Fe7(PO4)10 phase is an example of an intersecting channel structure, which gives 
the ions a 2D diffusion pathway, while the KNaFe3(PO4)3 has channels down one 
direction and contains two different sized channels.  Both compounds show precedent for 
increased ion exchange.  The study will demonstrate the size-dependent ion-exchange 
property regarding to the relative degree of completion under given conditions.  Chapter 
4 contains the study of two new iron arsenates, Cs0.85K2.15Fe3(AsO4)4 and KFe3(AsO4)3, 
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adopting a similar iron oxide framework.  Both of these compounds show the advantage 
of the larger cation, demonstrating simultaneous ion exchange/insertion redox chemistry.  
Chapter 5 discusses further discoveries of new open-framework compounds showing 
interesting properties, such as connected metal-oxide frameworks and large openings, 
which are pertinent for battery materials.  Chapter 6 contains the study of two new silver 
iron (III) vanadates, Ag3Fe(VO4)2 and AgFeV2O7.  Both of these compounds show a high 
Ag/Fe to V ratio and the study gives rise to the understanding of parameters critical to the 
synthesis of cathode materials with extended capacity.  Chapter 7 discusses the study of 
the silver iron (III) phosphates.  These compounds show high Ag/Fe:P ratios and due to 
the presence of the phosphate are expected to have large capacities above 3 V. 
After the general description of solid state synthesis and characterization in Chapter 2, 
a summary of the results of the high-temperature, exploratory solid-state synthesis, 
structural characterization and physical property studies of targeted transition metal 
phosphate, arsenate, and vanadate compounds.  In the conclusion chapter (Chapter 8), a 
summary of our findings will be further discussed. 
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CHAPTER TWO 
EXPERIMENTAL 
 
 
Synthetic Procedures 
Solid State Reaction 
The main goal of this project is to study the synthesis of iron phosphates, arsenates and 
vanadates via high-temperature, solid-state reactions.  To minimize exposure to the 
atmosphere, the initial loading of the chemical reactions were carried out in a dry box 
manufactured by Mbraun.  The materials are first evacuated in an antechamber for 60 
minutes to make sure no water or oxygen is in the antechamber.  The antechamber is then 
filled with nitrogen and the materials can be placed into the drybox.  The reactants were 
weighed using an OHAUS analytical microbalance and mixed, by grinding, in an agate 
mortar and pestle.  The reactants were transferred into quartz ampoules, which were 
evacuated of gases using a vacuum pump (rough and diffusion pump) before being sealed 
with an acetylene torch.  The sealed ampoules were then heated in box furnaces to the 
desired temperatures and isothermed for two to four days before being slow cooled (e.g., 
0.1˚C/min) to a temperature below the melting point of the employed eutectic flux, then 
furnace cooled to room temperature.  The reaction temperatures were usually set at 100-
150˚C above the melting point of the eutectic flux which was employed in the reaction.  
For the reaction using salt flux for crystal growth (see below), the final products were 
retrieved by washing/filtration methods, first using de-ionized water to remove the water-
soluble salt and followed by acetone to dry. 
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All the chemicals used have high melting points and are solids at room temperature.  
Due to the high melting point of the reactants, the eutectic salt fluxes were employed as a 
high-temperature solvent in order to lower the reaction temperature and thus promoting 
kinetic diffusion and chemical reactions within the desired systems.  A eutectic salt flux 
works by combining, typically, two different salts with varying cation sizes.  Thus, when 
the salts are “fused” together, this causes a lowering of the lattice energy which in turn 
lowers the melting point.  The molten salts are corrosive to metal oxides at elevated 
temperatures and presumable can “dissolve” oxide reactants like a solvent.  This allows 
the reactants to be intimately mixed and subsequently react at a lower temperature.  The 
salt fluxes can also corrode the silica ampoules, however, to prevent this a carbon coating 
is placed on the silica ampoules. 
A few reactions were carried out in open systems.  The reactants were weighed in air 
and mixed, by grinding, using an agate mortar and pestle.  The mixture was transferred to 
quartz ampoules and heated in a box furnace to the desired temperature with the open end 
of the ampoules sticking out of the chimney-like opening on the top of the box furnace.  
It should be noted while the sealed system facilitates the growth of larger crystals; the 
open systems often give rise to polycrystalline materials.  This could be due to a couple 
of reasons, such as no “melt” and fast cooling that do not promote large crystal growth. 
The specific conditions and special heating procedures will be addressed in the 
synthetic sections of each chapter.  Unless otherwise noted, the handling of reaction 
products was performed in air. 
 
 34 
Ion-Exchange Reactions 
A soft chemical method was used for ion-exchange in this project.  This was carried 
out by placing the material (~30 mg) in a Teflon lined autoclave (20mL PARR Bombs) 
using hydrothermal conditions.  In general, 10 mL of a 1M ANO3 (A = alkali metal, 
silver) solution (dissolved in water) was added into the Teflon cup.  The autoclave was 
then sealed and placed into a Fisher Scientific Isotemp Programmable Muffle Furnace, 
isothermed for 12 hours at 200˚C.  The reaction was then furnace cooled and washed with 
de-ionized water and acetone to obtain the products.  This ion-exchange was first carried 
out on single crystals to allow for subsequent single crystal X-ray study for a timely 
evaluation of the ion insertion/exchange reactions.  After the single crystals were 
evaluated and the structures were solved, the stiochiometric polycrystalline sample was 
used to obtain a larger quantity of the product for electrochemical testing. 
 
Starting Materials 
Compounds synthesized in this research project are transition metal phosphates, 
arsenates and/or vanadates that contain alkali and/or alkaline-earth metal cations.  Table 
2.1 lists the sources, molecular weight, purity and melting points for the chemicals used 
in this project, which were used as received. 
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Table 2.1 A Summary of Chemicals Used in this Study 
Compounds Chemical 
Formula 
Source, purity g/mol Melting 
points (˚C) 
Ammonium Arsenate, 
monobasic 
(NH4)H2AsO4 Alfa Aesar, 99.9% 158.97  
Ammonium Phosphate, 
monobasic 
(NH4)H2PO4 Aldrich, 99.9% 115.03 190 
Arsenic Penta-oxide As2O5 Aldrich, 98% 229.84 315 
Barium Chloride BaCl2 Aldrich, 99.9% 208.25 963 
Barium Oxide BaO Aldrich, 97% 153.34 1920 
Cesium Carbonate Cs2CO3 Alfa Aesar, 99.9% 325.82 610 
Cesium Chloride CsCl Alfa Aesar, 99.99% 168.36 646 
Cesium Nitrate CsNO3 Alfa Aesar, 99% 194.91 414 
Cobalt Oxide CoO Alfa Aesar, 95% 74.93 1935 
Iron (II) Oxide FeO Aldrich, 99.99% 71.85 1420 
Iron (III) Oxide Fe2O3 Alfa Aesar, 99.945% 159.69 1565 
Lithium Carbonate Li2CO3 MCB, 99% 73.89 618 
Lithium Chloride LiCl J. T. Baker, 99.8% 133.84 449 
Lithium Nitrate LiNO3 GFS Chemicals, 
99.5% 
68.95 255 
Lithium Oxide Li2O Strem, 99% 29.88 1700 
Manganese (II) Oxide MnO Alfa Aesar, 99.5% 70.94 Irritant 
Manganese (III) Oxide Mn2O3 Aldrich, 99% 157.86 Decomposes 
Phosphorus Penta-oxide P2O5 Aldrich, 98% 141.94 580 
Potassium Carbonate K2CO3 Mallinckrodt, 99% 138.21 891 
Potassium Chloride KCl Alfa Aesar, 99.9% 74.55 776 
Potassium Nitrate KNO3 Alfa Aesar, 99% 101.1 333 
Potassium Superoxide KO2 Alfa Aesar, 96.5% 71.1 380 
Rubidium Carbonate Rb2CO3 Alfa Aesar, 99.8% 230.95 837 
Rubidium Chloride RbCl Alfa Aesar, 99.8% 120.92 718 
Rubidium Nitrate RbNO3 Alfa Aesar, 99% 147.47 310 
Silver Oxide Ag2O Cerac, 99.5% 231.74 Decomposes 
at 300 
Sodium Oxide Na2O Alfa Aesar, 85% 61.98 1275 
Sodium Peroxide Na2O2 Aldrich, 97% 77.98 460 
Sodium Carbonate Na2CO3 Alfa Aesar, 99.95% 105.99 851 
Sodium Chloride NaCl Alfa Aesar, 99.9% 58.44 801 
Sodium Nitrate NaNO3 GFS Chemicals, 
99.9% 
84.99 308 
Vanadium Oxide V2O5 Alfa Aesar, 99.6% 181.88 690 
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Characterization Methods 
Single Crystal X-Ray Diffraction 
Single crystal X-ray diffraction (SXRD) is the most powerful method for determining 
the appropriate space group and unit cell, as well as atomic positions that define the 
crystal structure.  The arrangement of atoms within a crystal is determined by an X-ray 
beam being scattered from evenly spaced planes of a crystalline lattice.  These produce a 
diffraction pattern of reflections.  Each reflection corresponds to one set of evenly spaced 
planes of atoms within the crystal.  A three-dimensional intensity profile that illustrates 
the structural characteristics is than generated.  A computer controlled four-circle Rigaku 
AFC-8 diffractometer was employed.  The instrument is equipped with a CCD (Charge 
Coupled Device) area detector using graphite monochromated Mo Kα radiation (λ = 
0.71073Å).  The crystal to detector distance was approximately 27 mm.  Single crystals, 
with sharp edges and smooth surfaces are selected , mounted on glass fibers with epoxy, 
than centered on the diffractometer.  CrystalClear software1 written by Rigaku/MSC 
(Molecular Structure Corporation) was used to collect an Ewald hemisphere of data up to 
a reciprocal resolution of (sinθ/λ)max = 0.69 Å-1.  An additional set of frames in an 
alternative orientation was collected to cover the blind area of the reciprocal space close 
to the spindle axis of the first scan.  A total of 800 or 480 frames were recorded within a 
ω interval of 0.3˚ or 0.5˚, respectively with each frame being recorded twice to eliminate 
the ‘zinger’ spots caused by cosmic radiation.  The data acquisitions typically took 
between 4 to 12 hours with exposure time from 5 to 30 seconds per image depending on 
the dimensions and atomic contents of the crystals. 
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The collected data sets then were processed with the CrystalClear software package 
and transformed into an HKL file with intensities based on F2 using the TeXsan for 
Windows software package.2  SHELXL-6.1 software package3 was used for the crystal 
structure solution and refinement.  The final structure solutions were checked using 
PLATON program4 to confirm the symmetries.  Crystal structure figures reported in this 
dissertation were generated using the Diamond-2.1 program5 and the simulated powder 
X-ray diffraction patterns was generated using the PCW program.6 
 
Powder X-Ray Diffraction 
For this project, a SCINTAG XDS 2000 powder X-ray diffractometer that is equipped 
with a solid state Ge detector with Cu Kα radiation (1.5406 Ǻ) was used.  Powder X-ray 
diffraction (PXRD) is a technique used to characterize the crystallographic structure, 
relative abundance and crystallinity/particle size of polycrystalline samples.   It is also 
useful to identify unknown substances, by comparing PXRD patterns with known 
structures in the ICDD (International Center for Diffraction Data.  The samples are 
usually examined in the 2θ range of 5°-65° with a 0.03° step size.  DMSNT software7 
provided by Scintag was used to control and monitor the data collection.  Preferred 
orientation in polycrystalline samples exist and should be taken into account in 
examining intensity profiles of the pattern. 
A PXRD pattern was used in this study for phase identification, semi-quantitative 
phase analysis, and determination of unit cell parameters.  Also, PXRD patterns can be 
employed in crystal structure refinements using profile analysis, which can serve as an 
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alternative approach in cases with low quality single crystals.8  For a data collection of an 
X-ray diffraction pattern, approximately 0.1g of a ground polycrystalline sample is 
placed in a zero-background sample holder and the surface is carefully smoothened 
before being put onto the diffractometer.  The sample preparation is critical, care must be 
taken, such as grinding the sample, but not with a lot of force to avoid destroying the 
preferred orientation; making sure the surface of the polycrystalline sample is flat, level 
with the holder; and centered, in order to obtain a good powder diffraction pattern.9  
 
UV-vis Diffuse Reflectance Spectroscopy 
UV-vis spectroscopy, a convenient tool for studying the absorption spectrum of 
transition metal frameworks, was useful in this study since all the compounds synthesized 
are colored and expected to have ligand-to-metal charge transfer due to the oxyanions.  A 
PC-controlled Shimadzu UV-3101 UV/Vis/near-IR spectrometer equipped with an 
integrating sphere was employed for the collection of the electronic absorbance data of 
the powder samples.  The diagram for the measurement is shown in Figure 2.1.  The 
setup consists of a light source (tungsten lamp) which generates a light beam.  This light 
beam passes first through a monochromator which chops the light beam into a sample 
beam and a reference beam.  These beams pass through the sample and the reference, 
respectively.  The beams then converge and pass through a Photomultiplier (PM), which 
acts as a detector for the light transmitted.  The PbS cell is present to control the sum of 
the sample and reference signal levels and keep them relatively constant.  Generally, a 
crystalline sample was first ground into a fine powder before being press onto a Barium 
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sulfate sample holder.  The barium sulfate was also used as the background and was 
subtracted from the background by running baseline correction before the sample was 
scanned.  The data were collected by wavelength (nm) in the reflectance mode.  To 
convert to eV, the function eV = 1239.85/nm was used, while to convert the reflectance 
into absorbance the Kubelka-Munk function (A = (1-R)2/2R)12 was used. 
 
IR spectroscopy 
IR spectroscopy was used to determine if there were solvents, such as water or organic 
molecules, in the samples.  IR was carried out on a Magna IR Spectrometer 550 made by 
NICOLET.  The spectrometer is designed for mid-spectral range coverage.  Spectra can 
be collected and summed at a rate of up to 20 scans per second.  The bench is controlled 
via Nicolets’s Omnic software with a full diagnostics analysis system.  The source is a 
tungsten-halogen source, where a variable-diameter aperture is used to achieve the 
maximum spectral resolution.  The detector/beam-splitter combination is a DTGS-KBr 
providing a spectral range of 4000-400 cm-1.  The sample is combined with KBr and 
W lamp
D2 lamp
Monochromator
Reference cell
Sample cell PbS cell
Photomultiplier
 
 
Figure 2.1.  A sketch showing how the light source is diffracted and collected in a 
UV-vis measurement. 
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pressed into a pellet.  A blank KBr pellet is used as the background and subtracted from 
the sample when finalized. 
 
Thermal Analysis 
Thermal analysis was employed to determine the thermal stability and phase 
transformations of materials.  Thermogravimetric Analysis (TGA) was carried out on a 
TGA/SDTA 851 analyzer made by METTLER TOLEDO.  The instrument is equipped 
with an electronic microbalance allowing small size samples to be examined.  This design 
ensures the precision of the thermal properties can be acquired from employing high 
purity samples.  The sample can be prepared by ground powder of selected single crystals 
or product of stiochiometric synthesis.  Approximately 30 mg sample was used for each 
measurement in order to obtain the results.  The sample was placed in an alumina pan, 
and the weight change was measured as a function of temperature.  The typical heating 
rates of 10˚C/min and a steady nitrogen flow is applied for the data collection, after 
which, the sample was retrieved.  Powder X-ray diffraction is then performed to obtain 
structural information of the heat treated sample after TGA experiment. 
 
Magnetic Susceptibility 
A SQUID (Superconducting Quantum Interference Device) MPMS-5S magnetometer 
manufactured by Quantum Design was employed for the measurement of the magnetic 
susceptibility.  The SQUID does not detect directly the magnetic field from the sample, 
instead the measurement is performed by moving a sample through the superconducting 
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detection coils, inducing an electric current in the detection coils and then producing 
corresponding variations in the SQUID output voltage, proportional to the magnetic 
moment of the sample.13  When the SQUID is first brought online, the system is cleaned 
and calibrated using Gd2O3, then the desired samples can be run without a repeat of the 
cleaning.  For a typical measurement, 5-30 mg of ground selected crystals or high-purity 
polycrystalline material was placed in a gelatin capsule holder pinned in the middle of a 
plain straw, attached to the end of the sample rod and inserted into the sample chamber.  
The measurements were carried out under the influence of a variety of magnetic fields 
and temperatures depending on the research goals.  The final magnetic susceptibility was 
corrected for the sample holder and core diamagnetism.14 
 
Electron Microscopy (SEM and EDX) 
Scanning electron microscopy (SEM) is used to study the texture, topography and 
surface features of solids.  The chemical contents for this study are verified via semi-
quantitative elemental analysis by the energy dispersive X-ray (EDX) spectroscopy using 
a Hitachi S-3400 scanning electron microscope (SEM) equipped with an OXFORD EDX 
microprobe.  In general, the selected crystals were attached to a piece of carbon tape to 
keep the crystals in place and act as a conductor to dissipate the charge of electrons and 
pumped into the sample chamber.  The scan was usually carried out with a working 
voltage of 20 KV and a working distance of 15 mm.  The standard that was used was a 
piece of copper tape placed onto the sample holder.  This is used to calibrate the system 
with the expected intensity of the copper. 
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Inductively Coupled Plasma Optical Emission Spectroscopy 
Quantitative analysis was studied by Inductively Coupled Plasma Optical Emission 
Spectroscopy (ICPOES) for the bulk materials.  ICPOES was performed via a JY 
ULTIMA 2 plasma emission spectrometer using an argon flow for the plasma.  ICPOES 
is a plasma source in which the energy is supplied by electrical currents which are 
produced by electromagnetic induction (time-varying magnetic fields).  An electric 
current is passed through a coil creating the time varying magnetic field around the coil.  
This induces electric currents in the gas (typically argon) which leads to the formation of 
a plasma.  Samples are dispersed into the plasma and the concentrations of various 
elements can be measured.  The sample solution was prepared by taking a few milligrams 
of a polycrystalline solid and placing it in 10mL of concentrated HNO3 (1% metal grade), 
which was then stirred and heated until the sample was dissolved.  It was then diluted 
down using a 1% HNO3 solution to the appropriate concentration, typically less then 10 
ppm.  Reference solutions were also made from a 10ppm stock solution (VWR, 10ppm 
Fe, Li/3.5% HNO3) at different concentration (0.01, 0.1, 1, 5 ppm) to make the 
calibration curves, which would allow for the determination of the concentration of the 
desired ions in the sample that was prepared within the range.  Each sample and reference 
was analyzed 5 times so to get an average of the concentrations, which would allow for a 
more accurate measurement of the samples. 
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X-ray Photoelectron Spectroscopy 
The XPS measurements were performed at the EM facilities at Clemson University.  
The XPS spectra were obtained on a KRATOS AXIS 165 spectrometer equipped with 
monochromatized aluminum anode (15 keV, 15 mA).  The working pressure of the 
analysis chamber was 9 mTorr.  Survey scans for the sample were run with an analyzer 
pass energy of 80 eV and for component scans of Fe 2p and Si 2p at 20 eV.  The binding 
energy was corrected by the background adventitious C 1s binding energy of 284.8 eV.  
Each scan was smoothed 3 times with Kenel width 1 using the quadratic Savitzk-Golay 
method.  The raw spectra were fitted with the processing program after automatically 
subtracting the background. 
 
Surface Area/Pore Size Analysis (BET) 
The surface area is measured by a Micromeritics ASAP2020 (BET, named after 
Stephen Brunauer, Paul Hugh Emmett and Edward Teller) instrument.  Most atoms that 
make up a solid are bound on all sides by other atoms in the bulk of the solid.  The atoms 
on the surface of the solid, however, are incompletely bound.  Due to Van der Waals 
forces of interaction, these surface atoms are more reactive and they attract gas, vapor 
and liquids to satisfy the imbalance of atomic forces.  This is where the surface area 
comes into play.  Surface area helps determine such things as how solids burn, dissolve, 
and react with other materials.   
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Samples are first weighed out, typically 0.5g, then the solid samples are pretreated by 
applying some combination of heat, vacuum and/or flowing gas to remove adsorbed 
contaminants acquired from atmospheric exposure.  The solids are then cooled, under 
vacuum and moved to the analysis side of the instrument.  An adsorptive (typically 
nitrogen) is admitted to the solid in controlled increments.  After each dose of adsorptive, 
the pressure is allowed to equilibrate and the quantity of gas adsorbed is calculated.  The 
gas volume adsorbed at each pressure (at one constant temperature) defines an adsorption 
isotherm, from which the quantity of gas required to form a monolayer over the external 
surface of the solid and its pores is determined. With the area covered by each adsorbed 
gas molecule known, the surface area can be calculated.  Although nitrogen is the most 
commonly used adsorptive, many samples, especially those with low surface areas, may 
require the use of other gases such as krypton or argon. 
Surface area determinations involve creating the conditions required to adsorb an 
average monolayer of gas molecules onto a sample.  By extending this process so that gas 
is allowed to condense in the pores, the sample’s pore size can be evaluated.  This is done 
by increasing the pressure slowly, allowing for gas to condense, first into the pores with 
the smallest dimensions.  The pressure is then increased until saturation is reached, at 
which time all pores are filled with liquid.  The adsorptive gas pressure is then reduced 
incrementally, evaporating the condensed gas from the system.  Evaluation of the 
adsorption and desorption branches of these isotherms and the hysteresis between them 
reveals information about the pore size, pore volume, pore area and pore shape.  
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Micropore dimensions ranging from 3.5 to 20 Angstroms are reachable parameters of the 
BET instrument. 
Electrochemical Evaluations 
The electrochemical evaluation was performed through collaboration with Dr. John T. 
Vaughey at Argonne National Laboratory (ARNL) in Argonne, IL.  From these 
measurements the reduction potential of each redox center and the capacity could be 
obtained.  Typically, these materials (ca. 0.5 g) were first laminated on an aluminum 
current collector using a 70% electrochemical active sample, 15% poly(vinylidene 
difluoride) (PvDF) binder in n-methyl pyrrolidinone (NMP), and ~15% carbon (50/50 
mix of acetylene black and graphite).  The electrode capacities were measured in 2032 
button cells using a Li metal anode, Celgard PP/PE separators, and an electrolyte 
consisting of a 1.0 M LiPF6 solution of a 50/50 mixture (by weight) of diethyl carbonate 
(DEC) and ethylene carbonate (EC).  The voltage windows of a typical experiment used 
were 1.5–4.8 V (vs. Li).  Cycling was done with a 0.063 mA/cm2 current using Maccor 
cyclers. 
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CHAPTER THREE 
SYNTHESIS AND CHARACTERIZATION OF IRON-CONTAINING POLYANION-
BASED SYSTEMS EXHIBITING CHANNEL STRUCTURES PERTINENT FOR 
FACILE LITHIUM EXCHANGE. 
 
Introduction 
Extended solids that display ion-transport properties are attractive for their potential 
applications, such as in fuel cell and battery technologies.1  Over the past decade, 
research on positive electrode materials has focused mainly on the layered oxides that are 
made of close-packed anion lattices.  These include LiCoO2, the spinel LiMn2O4, and 
variants,2 which have been commercially used as 4.0 V positive-electrode materials for 
rechargeable lithium batteries.  Recently, the attention has been focused on compounds 
having complicated three-dimensional frameworks built from XO4 (X = P, S, V, As, Mo, 
W)3,4 polyanions.  The studies have revealed that, by adjusting the polarization of 
electrons via polyanions, the Mn+/M(n-1)+ redox couple and the operating voltage are 
tunable.  Iron-containing phosphates are among the most studied chemical systems.5  The 
compounds that have been employed for structure and property correlation studies 
include NASICON-type Li3Fe2(PO4)3, pyrophosphates LiFeP2O7 and Fe4(P2O7)3, and 
olivine-type LiFePO4.6,7  Electrochemical analysis has confirmed that the redox couple of 
Fe3+/Fe2+ versus Li/Li+ occurs at voltages close to 2.8, 2.9, 3.0, and 3.5 V, respectively, 
below the Fermi level of lithium.  The inductive effect is the cause for the increase of the 
redox couple, the phosphate polyanion lowers the covalency of the Fe-O bonds, thus 
increasing the operating voltage of the Fe3+/Fe2+ redox couple compared to Fe2O3 (1.23 V 
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vs. Li/Li+).8  It is reported that the rather high redox potential observed for LiFePO4 was 
attributed to fused (edge-shared) FeO6 octahedra.7c,d  
This dissertation research was the study of new iron(III) phosphates for their 
applications as an electrode material in Li+-ion battery devices.  As shown above, the 
voltage of the material has been one of the major parameters that can be manipulated by 
the introduction of a polyanion.  However, another main property of a battery is to have a 
long operation life and a large capacity.  To increase the capacity in the material, a large 
number of cations must be able to migrate between the cathode and the anode.  This 
means that the more Li+ cations involved in charge/discharge cycles per unit weight the 
higher the capacity.  Therefore, to investigate new areas of iron phosphates, the strategy 
of my dissertation research is to explore new open-framework solids that contain large 
monovalent alkali metals than Li+.  Conceivably, these large alkali metal cations will act 
as a “template” to form large open-framework structures.  The as-prepared solids will 
then be subject to ion-exchange to replace large cations with lithium into the structures.  
The large open-frameworks will promote facile ion-exchange due to the weakened A-O 
bonding.  It is also hypothesized that since the openings are presumably large, it will 
allow for additional lithium to be inserted into the structure and in turn the reduction of 
the iron(III) to iron(II) to increase the Li+/Fe2+ ratio thus the capacity. 
To investigate Li+-ion transport properties of the new materials, we have proceeded 
with the investigation of ion-exchange on single crystals.  Ideally, polycrystalline 
samples are more desirable for ion-exchange due to the increased surface area, which 
accelerates the diffusion process across the interface.  However, polycrystalline samples 
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present fundamental challenges in structure characterization.  There is often an extended 
delay in materials development due to the lack of immediate access to specialized 
instrumentation, such as solid-state NMR and neutron diffraction, to reveal the Li+ ion 
distribution in the resulting solids.  To acquire a timely evaluation on chemical transport 
properties of our newly synthesized materials via ion-exchange, we have proceeded with 
a direct synthesis using single crystals followed by conventional single-crystal X-ray 
diffraction (SXRD) methods.  Direct ion exchange was carried out for the first time, to 
our knowledge, by employing mild hydrothermal conditions at a maximum 200°C9 as 
opposed to using molten salt at higher temperatures.10 
In this chapter, the synthesis, structure, magnetic properties, and ion exchange of 
selected compounds in the Cs9-xAxFe7(PO4)10 (A = Na, K, Ag), Cs0.75K2.25Fe4(PO4)5, and 
A2Fe3(XO4)3 (A/X = Na, Na0.5K0.5/P; A/X = Na/As) systems are described.  In addition, 
the electrochemical properties of Cs9-xKxFe7(PO4)10 (x = 4.35) and ion-exchanged 
products are discussed. 
 
Synthesis and Characterization of (Cs9-xAx)Fe7(PO4)10; 1 < x < 6.5; A = Na, K, Ag 
Synthesis 
During exploratory studies of the A-Fe(III)-PO4 pseudo-ternary systems, the title 
compound was discovered.  It was first synthesized by employing molten-salt methods 
where the target composition was K3Fe3(PO4)4 to prepare the analog of Na3Fe3(PO4)4 (see 
chapter 4).  In the reaction, a mixture of KO2 (0.06 mmol), Fe2O3 (0.03 mmol), and P4O10 
(0.02 mmol) were used in a 0.25 g reaction.  An eutectic flux (m.p. = 621ºC) of CsCl/KCl 
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(52:48 mol %) in a 3:1 charge to flux ratio by weight was employed.  The chemicals were 
used as received as shown in Table 2.1.  However, this reaction only produced a small 
yield of amber colored crystals of the title phase.  To make a large yield of crystals, a 
mixture with Fe:P = 7:10 was used in an attempt after the structure determination (see 
below) and sizable crystals (in amber color) of Cs4.65K4.35Fe7(PO4)10 were grown in 
column and (thick) plate-like morphologies in a fused silica ampoule under vacuum.  In 
this reaction, KO2 (0.08 mmol), Fe2O3 (0.07 mmol), and P4O10 (0.05 mmol) were 
employed in a 0.25 g reaction and ground together in a nitrogen-blanketed drybox with a 
eutectic flux of CsCl/KCl in a 3:1 charge to flux ratio by weight.  Cesium oxide is not 
available commercially, therefore CsCl is used.  The source of cesium is thought to come 
from an in situ reaction of KO2 + CsCl → KCl + CsO2 due to the better size matching 
between K+ and Cl- ions.  The mixture was heated to 800°C at 1°C per minute, 
isothermed for 3 days, followed by slow cooling to 500°C at 0.1°C per minute then 
furnaced cooled to room temperature.  The amber colored crystals were retrieved upon 
washing with deionized water.  Ca. 80% yield of the compound was obtained, with an 
impurity phase, Cs0.75K2.25Fe4(PO4)5, being the other 20% yield, which is another new 
phase with interesting channel structure that will be discussed below. 
Analogues of the Cs9-xAxFe7(PO4)10 were also attempted to examine the versatility of 
the structure with different A+ monovalent cations.  Crystals of Cs7Na2Fe7(PO4)10, for 
instance, were isolated in one of these attempt where the CsCl/NaCl flux (65:35 % mol) 
was employed in a fused silica ampoule under vacuum.  Na2O (0.04 mmol), Fe2O3 (0.07 
mmol), and P4O10 (0.05 mmol) were used in a 0.25 g reaction with a eutectic flux of 
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CsCl/NaCl (m.p. = 493ºC) in a 3:1 charge to flux ratio by weight..  The mixture was 
ground in a nitrogen-blanketed drybox.  The target composition was to make 
Cs5Na4Fe7(PO4)10, an analog of the CsK-containing phase mentioned above with the 
round-up compositions of A-site cations.  Again, the CsCl salt served as a source of Cs 
via a postulated reaction of Na2O + CsCl → NaCl + Cs2O.  The mixture was heated to 
650°C at 1°C per minute, isothermed for 3 days, followed by slow cooling to 350°C at 
0.1°C per minute then furnaced cooled to room temperature.  Amber colored crystals 
were retrieved upon washing with deionized water.  Ca. 60% yield of the title compound 
was obtained, where the other 40% is polycrystalline powder of unidentifiable phase(s). 
Crystals of Cs7Ag2Fe7(PO4)10, an analog of the Cs7Na2Fe7(PO4)10 phase, were grown 
by employing the CsCl flux in a fused silica ampoule under vacuum.  This reaction was 
explored also to isolate new silver containing iron phosphate compounds (see chapter 6).  
Ag2O (0.03 mmol), Fe2O3 (0.03 mmol), and P4O10 (0.04 mmol) were used in a 0.25 g 
reaction with a eutectic flux of CsCl (m.p. = 646ºC in a 3:1 charge to flux ratio by 
weight, which are ground in a nitrogen-blanketed drybox.  The mixture was heated to 
300°C at 1°C per minute to allow the Ag2O to remain (which otherwise decomposes at 
300 oC to silver and oxygen11) and dwelled there for 6 hours, then heated to 800°C at 1°C 
per minute, isothermed for 3 days, followed by slow cooling to 400°C at 0.1°C per 
minute then furnaced cooled to room temperature.  Black colored crystals were retrieved 
upon washing with deionized water.  Ca. 60% yield of the title compound was obtained, 
with 20% of unidentified polycrystals and the other 20% being two additional phases, 
pink crystals of CsFeP2O712 and red column crystals of Cs7Fe7O2(PO4)813. 
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Ion-Exchange Reactions 
Ion-exchange was performed to exchange the large cations, which templated the large 
open-framework structure, with lithium for use as a possible electrode material.  Ion-
exchange reactions under mild hydrothermal conditions were successful as opposed to 
using molten nitrate salt.  The studies were first performed on selected single crystals for 
a timely acquisition of structure information and followed by employing polycrystalline 
sample.  Single crystals (ca. 30 mg) of Cs4.65(3)K4.35(1)Fe7(PO4)10 were immersed in 10 mL 
of 1M ANO3 solutions (A = Li, Na, K, Rb, Cs) and heated in a Teflon-lined hydrothermal 
bomb at 200°C for 12 hr.14 
After the ion-exchange was performed on the polycrystalline sample, a reduction ion-
insertion was performed.  This procedure was to insert additional Li+ into the structure, 
together with the reduction of the Fe3+ to Fe2+.  The experiment was performed by 
placing 1 g of the polycrystalline sample in 5 mL of hexane.  This sample was then 
capped and purged with an argon gas.  Finally, 10mL of 2.5M n-butyl lithium was added 
and left to stir for 24 hours.  The solid was then retrieved by vacuum filtration method 
and washed with hexane. 
Characterization 
Single Crystal X-Ray Diffraction 
Amber and black column crystals from different reactions were selected under an 
optical microscope equipped with a polarized light attachment; followed by mounting on 
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glass fibers for single-crystal X-ray diffraction study.  The structures were solved by 
direct methods with the SHELXTL-97 program and refined on F2 by least-squares, full-
matrix techniques.15  The crystallographic data, atomic coordinates, anisotropic thermal 
parameters, and selected bond and angles for the Cs4.65K4.35Fe7(PO4)10, Cs7Na2Fe7(PO4)10, 
and Cs7Ag2Fe7(PO4)10 phases are summarized in Tables 3.1, 3.2, 3.3, 3.4, 3.5, 3.6, 3.7, 
3.8, 3.9, 3.10, 3.11, and 3.12, respectively. 
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Table 3.1 Crystallographic Data for Cs4.65(3)K4.35(1)Fe7(PO4)10 
Chemical formula Cs4.65(3)K4.35(1)Fe7(PO4)10 
Crystal color, shape Amber, Column 
Crystal size (mm) 0.24 × 0.05 × 0.05 
Formula weight (g/mol) 2128.72 
Space group P21/c (No. 14) 
a (Å) 13.898(3) 
b (Å) 16.381(3) 
c (Å) 9.835(2) 
β (°) 110.45(3) 
V (Å3) 2098.0(7) 
Z 2 
ρ(calc) (g/cm3) 3.422 
Linear abs. coeff. (mm-1) 7.524 
F000 2006 
T (K) 293(2) 
Reflections collected 18369 
Reflections unique 4115 
Rint/Rsigmaa 0.0490/0.0283 
Final R1/wR2/GOF (all data) 0.0538/0.1382/0.984 
Largest difference peak (e-/Å3) 6.326 
Largest difference hole (e-/Å3) -2.134 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 3.2 Crystallographic Data for Cs7Na2Fe7(PO4)10 
Chemical formula Cs7Na2Fe7(PO4)10 
Crystal color, shape Amber, Column 
Crystal size (mm) 0.23 × 0.05 × 0.04 
Formula weight (g/mol) 2316.95 
Space group P21/c (No. 14) 
a (Å) 13.715(3) 
b (Å) 16.497(3) 
c (Å) 9.808(2) 
β (°) 110.29(3) 
V (Å3) 2081.2(7) 
Z 2 
ρ(calc) (g/cm3) 1.673 
Linear abs. coeff. (mm-1) 3.613 
F000 971 
T (K) 293(2) 
Reflections collected 17829 
Reflections unique 3932 
Rint/Rsigmaa 0.0490/0.0283 
Final R1/wR2/GOF (all data) 0.0444/0.1031/1.172 
Largest difference peak (e-/Å3) 1.292 
Largest difference hole (e-/Å3) -1.521 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 3.3 Crystalographic Data for Cs7Ag2Fe7(PO4)10 
Chemical formula Cs7Ag2Fe7(PO4)10 
Crystal color, shape Black, column 
Crystal size (mm) 0.35 × 0.1 × 0.09 
Formula weight (g/mol) 2486.70 
Space group P21/c (No. 14) 
a (Å) 13.583(3) 
b (Å) 16.688(3) 
c (Å) 9.938(2) 
β (°) 110.36(3) 
V (Å3) 2111.9(7) 
Z 2 
ρ(calc) (g/cm3) 2.452 
Linear abs. coeff. (mm-1) 5.195 
F000 1437 
T (K) 293(2) 
Reflections collected 16244 
Reflections unique 3685 
Rint/Rsigmaa 0.0700/0.0791 
Final R1/wR2/goodness of fit (all data) 0.1213/0.2910/1.096 
Largest difference peak (e-/Å3) 4.430 
Largest difference hole (e-/Å3) -5.159 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 3.4 Atomic Coordinates and Equivalent Displacement Parameters for 
Cs4.65(3)K4.35(1)Fe7(PO4)10.  
Atom Wyckoff 
Notation 
SOF x y z Uiso 
K(1) 4e 1.0 0.1799(1) 0.0577(1) 0.3945(2) 0.0187(9) 
Cs(1) 4e 1.0 0.72454(5) 0.18224(4) 0.75802(6) 0.0267(3) 
Cs(2) 4e 0.895 0.14713(5) 0.21043(4) 0.02350(9) 0.0284(4) 
K(2) 4e 0.105 0.14713(5) 0.21043(4) 0.02350(9) 0.0284(4) 
Cs(3) 2a 0.856 0 0 0 0.0262(5) 
K(3) 2a 0.144 0 0 0 0.0262(5) 
K(4) 4e 1.0 0.4362(1) 0.08727(9) 0.8504(2) 0.0149(8) 
Fe(1) 4e 1.0 0.91978(8) 0.13570(7) 0.5068(1) 0.0085(5) 
Fe(2) 4e 1.0 0.46590(9) 0.18795(7) 0.2819(1) 0.0137(6) 
Fe(3) 2d 0.5 0.5 0 0.5 0.0078(7) 
Fe(4) 4e 1.0 0.22959(8) 0.95308(7) 0.8536(1) 0.0094(5) 
P(1) 4e 1.0 0.3438(2) 0.0249(1) 0.1654(2) 0.012(1) 
P(2) 4e 1.0 0.0778(2) 0.0494(1) 0.6793(2) 0.0107(9) 
P(3) 4e 1.0 0.4055(2) 0.1914(1) 0.5162(2) 0.0127(9) 
P(4) 4e 1.0 0.6722(2) 0.0937(1) 0.3888(2) 0.0076(9) 
P(5) 4e 1.0 0.9308(2) 0.1874(1) 0.1948(2) 0.0125(9) 
O(1) 4e 1.0 0.9689(4) 0.0542(4) 0.6829(6) 0.012(3) 
O(2) 4e 1.0 0.9152(5) 0.2014(4) 0.3419(6) 0.026(3) 
O(3) 4e 1.0 0.9214(5) 0.2287(4) 0.6240(7) 0.039(4) 
O(4) 4e 1.0 0.4583(4) 0.1177(3) 0.4694(6) 0.016(3) 
O(5) 4e 1.0 0.6096(5) 0.1735(4) 0.3638(7) 0.016(3) 
O(6) 4e 1.0 0.4823(5) 0.2739(4) 0.1590(7) 0.028(3) 
O(7) 4e 1.0 0.6235(5) 0.0261(4) 0.4481(8) 0.016(3) 
O(8) 4e 1.0 0.4214(5) 0.9790(4) 0.2910(6) 0.023(3) 
O(9) 4e 1.0 0.8370(5) 0.1352(4) 0.0975(6) 0.024(3) 
O(10) 4e 1.0 0.1613(4) 0.0600(4) 0.8316(6) 0.017(3) 
O(11) 4e 1.0 0.0780(4) 0.1153(4) 0.5695(6) 0.013(3) 
O(12) 4e 1.0 0.8917(4) 0.0362(3) 0.3613(6) 0.015(3) 
O(13) 4e 1.0 0.7786(4) 0.1133(4) 0.4949(6) 0.011(3) 
O(14) 4e 1.0 0.3998(6) 0.2514(4) 0.3891(7) 0.044(4) 
O(15) 4e 1.0 0.3875(6) 0.1106(4) 0.1505(6) 0.040(4) 
O(16) 4e 1.0 0.3420(5) 0.9777(4) 0.0274(6) 0.020(3) 
O(17) 4e 1.0 0.6766(5) 0.0666(5) 0.2408(7) 0.015(3) 
O(18) 4e 1.0 0.3062(5) 0.1714(4) 0.5320(9) 0.020(3) 
O(19) 4e 1.0 0.0285(5) 0.1466(5) 0.2087(8) 0.024(3) 
O(20) 4e 1.0 0.2394(5) 0.0299(5) 0.1731(7) 0.017(3) 
 
 58 
Table 3.5 Atomic Coordinates and Equivalent Displacement Parameters for 
Cs7Na2Fe7(PO4)10. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Na 4e 1.0 0.1645(2) 0.0656(2) 0.3852(4) 0.023(1) 
Cs(1) 4e 1.0 0.43358(4) 0.08825(3) 0.85625(6) 0.0398(3) 
Cs(2) 4e 1.0 0.71881(5) 0.18669(3) 0.75038(6) 0.0351(3) 
Cs(3) 4e 1.0 0.14863(4) 0.21234(3) 0.03014(7) 0.063(3) 
Cs(4) 2a 0.5 0 0 0 0.0252(4) 
Fe(1) 4e 1.0 0.91870(8) 0.13421(6) 0.5107(1) 0.0122(5) 
Fe(2) 4e 1.0 0.45267(8) 0.18474(6) 0.2725(1) 0.0144(5) 
Fe(3) 2d 0.5 0.5 0 0.5 0.0128(7) 
Fe(4) 4e 1.0 0.22215(8) 0.94449(6) 0.8539(1) 0.0125(5) 
P(1) 4e 1.0 0.3313(1) 0.0210(1) 0.1748(2) 0.0128(9) 
P(2) 4e 1.0 0.0752(1) 0.0430(1) 0.6781(2) 0.0131(9) 
P(3) 4e 1.0 0.3879(1) 0.1841(1) 0.5050(2) 0.0151(9) 
P(4) 4e 1.0 0.6665(1) 0.0998(1) 0.3769(2) 0.0113(8) 
P(5) 4e 1.0 0.9394(2) 0.1945(1) 0.2099(2) 0.0148(9) 
O(1) 4e 1.0 0.9618(4) 0.0441(3) 0.6717(6) 0.012(2) 
O(2) 4e 1.0 0.9184(4) 0.2052(3) 0.3535(6) 0.025(3) 
O(3) 4e 1.0 0.9366(4) 0.2205(3) 0.6490(6) 0.030(3) 
O(4) 4e 1.0 0.4548(4) 0.1171(3) 0.4685(5) 0.019(3) 
O(5) 4e 1.0 0.5985(4) 0.1773(3) 0.3544(6) 0.016(3) 
O(6) 4e 1.0 0.4573(5) 0.2696(4) 0.1422(6) 0.027(3) 
O(7) 4e 1.0 0.6166(4) 0.0293(3) 0.4258(6) 0.022(3) 
O(8) 4e 1.0 0.4110(4) 0.9748(3) 0.2996(6) 0.023(3) 
O(9) 4e 1.0 0.8448(5) 0.1463(3) 0.1021(6) 0.027(3) 
O(10) 4e 1.0 0.1534(4) 0.0531(3) 0.8345(6) 0.023(3) 
O(11) 4e 1.0 0.0796(4) 0.1084(3) 0.5712(6) 0.020(3) 
O(12) 4e 1.0 0.8893(4) 0.0417(3) 0.3564(6) 0.020(3) 
O(13) 4e 1.0 0.7716(4) 0.1208(4) 0.4869(6) 0.013(3) 
O(14) 4e 1.0 0.3701(4) 0.2397(3) 0.3698(6) 0.027(3) 
O(15) 4e 1.0 0.3810(5) 0.1021(3) 0.1477(6) 0.030(3) 
O(16) 4e 1.0 0.3212(4) 0.9685(3) 0.0386(6) 0.021(3) 
O(17) 4e 1.0 0.6758(4) 0.0794(4) 0.2280(6) 0.018(3) 
O(18) 4e 1.0 0.2912(5) 0.1546(3) 0.5231(7) 0.024(3) 
O(19) 4e 1.0 0.0382(5) 0.1510(4) 0.2271(6) 0.024(3) 
O(20) 4e 1.0 0.2289(4) 0.0347(4) 0.1943(6) 0.015(3) 
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Table 3.6 Atomic Coordinates and Equivalent Displacement Parameters for 
Cs7Ag2Fe7(PO4)10. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Ag 4e 1.0 0.1930(4) 0.0717(2) 0.4104(4) 0.096(2) 
Cs(1) 4e 1.0 0.4399(2) 0.0929(1) 0.8492(3) 0.064(1) 
Cs(2) 4e 1.0 0.7200(2) 0.1833(1) 0.7483(3) 0.064(1) 
Cs(3) 4e 1.0 0.1464(2) 0.2094(1) 0.0146(3) 0.043(1) 
Cs(4) 2a 0.5 0 0 0 0.039(1) 
Fe(1) 4e 1.0 0.9145(3) 0.1366(2) 0.5047(4) 0.028(1) 
Fe(2) 4e 1.0 0.4464(5) 0.1887(4) 0.228(1) 0.029(2) 
Fe(3) 2d 0.5 1/2 0 ½ 0.021(2) 
Fe(4) 4e 1.0 0.2235(3) 0.9442(2) 0.8562(4) 0.027(2) 
P(1) 4e 1.0 0.3268(8) 0.0249(5) 0.1675(10) 0.039(4) 
P(2) 4e 1.0 0.0709(7) 0.0411(5) 0.6762(8) 0.047(4) 
P(3) 4e 1.0 0.408(2) 0.1899(8) 0.500(1) 0.18(1) 
P(4) 4e 1.0 0.6587(7) 0.1011(5) 0.3632(9) 0.032(3) 
P(5) 4e 1.0 0.9392(7) 0.1968(5) 0.2084(7) 0.038(3) 
O(1) 4e 1.0 0.959(2) 0.043(2) 0.674(3) 0.06(1) 
O(2) 4e 1.0 0.924(2) 0.2062(9) 0.354(2) 0.034(8) 
O(3) 4e 1.0 0.927(3) 0.219(1) 0.643(3) 0.12(2) 
O(4) 4e 1.0 0.459(2) 0.115(2) 0.506(4) 0.05(1) 
O(5) 4e 1.0 0.589(2) 0.177(1) 0.335(3) 0.034(9) 
O(6) 4e 1.0 0.445(4) 0.266(3) 0.131(3) 1.2(2) 
O(7) 4e 1.0 0.65(2) 0.032(1) 0.419(3) 0.05(1) 
O(8) 4e 1.0 0.397(2) 0.986(2) 0.304(2) 0.06(1) 
O(9) 4e 1.0 0.847(2) 0.147(1) 0.105(2) 0.04(1) 
O(10) 4e 1.0 0.151(2) 0.052(1) 0.831(2) 0.07(1) 
O(11) 4e 1.0 0.073(2) 0.109(1) 0.573(3) 0.05(1) 
O(12) 4e 1.0 0.892(2) 0.043(1) 0.359(2) 0.041(9) 
O(13) 4e 1.0 0.768(2) 0.121(2) 0.476(2) 0.05(1) 
O(14) 4e 1.0 0.371(2) 0.225(2) 0.349(3) 0.08(2) 
O(15) 4e 1.0 0.382(2) 0.097(1) 0.132(3) 0.07(1) 
O(16) 4e 1.0 0.317(2) 0.965(1) 0.044(3) 0.09(2) 
O(17) 4e 1.0 0.673(2) 0.073(1) 0.224(2) 0.025(8) 
O(18) 4e 1.0 0.284(3) 0.145(3) 0.510(5) 2.0(2) 
O(19) 4e 1.0 0.039(2) 0.160(2) 0.226(3) 0.04(1) 
O(20) 4e 1.0 0.224(2) 0.046(2) 0.176(3) 0.03(1) 
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Table 3.7 Anisotropic thermal parameters (U × 103) for Cs4.65K4.35Fe7(PO4)10. 
  U11 U22 U33 U23 U13 U12 
K(1) 19(1) 20(1) 19(1) -1(1) 6(1) -1(1) 
Cs(1) 27(1) 26(1) 25(1) -4(1) 11(1) -5(1) 
Cs(2) 28(1) 18(1) 52(1) 0(1) 23(1) -1(1) 
K(2) 28(1) 18(1) 52(1) 0(1) 23(1) -1(1) 
Cs(3) 26(1) 29(1) 17(1) -4(1) 10(1) -5(1) 
K(3) 26(1) 29(1) 17(1) -4(1) 10(1) -5(1) 
K(4) 15(1) 0(1) 20(1) -1(1) 16(1) -2(1) 
Fe(1) 9(1) 10(1) 7(1) 0(1) 2(1) 0(1) 
Fe(2) 14(1) 11(1) 11(1) 1(1) 3(1) 2(1) 
Fe(3) 8(1) 9(1) 6(1) 0(1) 1(1) 0(1) 
Fe(4) 9(1) 14(1) 7(1) -1(1) 1(1) 0(1) 
P(1) 12(1) 16(1) 7(1) -1(1) 0(1) -1(1) 
P(2) 11(1) 12(1) 7(1) 0(1) 0(1) 2(1) 
P(3) 13(1) 12(1) 13(1) -1(1) 5(1) 2(1) 
P(4) 8(1) 16(1) 10(1) 0(1) 2(1) 0(1) 
P(5) 13(1) 12(1) 9(1) 2(1) 3(1) -1(1) 
O(1) 12(3) 18(3) 13(3) 7(2) 3(2) 5(2) 
O(2) 26(3) 15(3) 12(3) 4(2) 9(2) 2(2) 
O(3) 39(4) 15(3) 19(3) -5(2) 10(3) 3(3) 
O(4) 16(3) 8(3) 12(3) 1(2) 5(2) 3(2) 
O(5) 16(3) 16(3) 32(4) 6(3) 8(3) 1(2) 
O(6) 28(3) 18(3) 19(3) 10(2) 4(3) 1(3) 
O(7) 16(3) 17(3) 39(4) 5(3) 16(3) 1(2) 
O(8) 23(3) 15(3) 7(3) 0(2) -5(2) 2(2) 
O(9) 24(3) 28(3) 10(3) 4(2) -2(2) -11(3) 
O(10) 17(3) 18(3) 10(3) -5(2) -8(2) 3(2) 
O(11) 13(3) 17(3) 15(3) 7(2) 2(2) 2(2) 
O(12) 15(3) 11(3) 15(3) 0(2) 3(2) 4(2) 
O(13) 11(3) 32(3) 14(3) -10(3) 0(2) -2(2) 
O(14) 44(4) 22(3) 24(3) 12(3) 19(3) 22(3) 
O(15) 40(4) 20(3) 9(3) 0(2) 1(3) -6(3) 
O(16) 20(3) 25(3) 10(3) -6(2) -3(2) 3(2) 
O(17) 15(3) 63(5) 9(3) -10(3) 5(2) 5(3) 
O(18) 20(3) 30(4) 47(4) -11(3) 19(3) -5(3) 
O(19) 24(3) 40(4) 33(4) 11(3) 17(3) 14(3) 
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O(20) 17(3) 54(5) 22(3) 1(3) 6(3) 2(3) 
 
Table 3.8 Anisotropic thermal parameters (U × 103) for Cs7Na2Fe7(PO4)10. 
  U11 U22 U33 U23 U13 U12 
Na 23(2) 21(2) 24(2) -4(1) 10(1) -4(1) 
Cs(1) 40(1) 16(1) 29(1) 1(1) 21(1) 0(1) 
Cs(2) 35(1) 23(1) 34(1) -7(1) 20(1) -7(1) 
Cs(3) 27(1) 20(1) 43(1) 4(1) 18(1) 0(1) 
Cs(4) 25(1) 36(1) 20(1) -4(1) 12(1) -7(1) 
Fe(1) 12(1) 9(1) 10(1) 0(1) 5(1) 1(1) 
Fe(2) 15(1) 11(1) 13(1) 1(1) 6(1) 0(1) 
Fe(3) 13(1) 11(1) 10(1) -1(1) 5(1) 0(1) 
Fe(4) 13(1) 9(1) 10(1) 0(1) 6(1) 1(1) 
P(1) 14(1) 11(1) 12(1) -1(1) 5(1) 1(1) 
P(2) 16(1) 10(1) 13(1) -1(1) 8(1) 1(1) 
P(3) 13(1) 13(1) 9(1) -2(1) 4(1) -2(1) 
P(4) 13(1) 11(1) 11(1) -1(1) 4(1) 1(1) 
P(5) 11(1) 13(1) 13(1) 0(1) 6(1) -1(1) 
O(1) 25(3) 11(2) 15(2) -1(2) 12(2) -1(2) 
O(2) 21(3) 16(2) 17(3) 6(2) 11(2) 2(2) 
O(3) 14(2) 15(2) 19(3) 1(2) 6(2) 4(2) 
O(4) 20(2) 11(2) 12(2) -1(2) 4(2) 3(2) 
O(5) 32(3) 12(2) 20(3) -6(2) 9(2) 2(2) 
O(6) 12(2) 30(3) 19(3) -8(2) 7(2) -1(2) 
O(7) 25(3) 13(2) 19(3) -5(2) 10(2) -7(2) 
O(8) 17(2) 13(2) 23(3) 4(2) 10(2) 2(2) 
O(9) 21(2) 12(2) 12(2) 0(2) 10(2) 2(2) 
O(10) 29(3) 17(2) 18(3) -1(2) 9(2) -4(2) 
O(11) 22(3) 18(2) 11(2) -6(2) 2(2) -1(2) 
O(12) 23(3) 12(2) 11(2) -2(2) 3(2) 3(2) 
O(13) 26(3) 21(3) 13(2) -2(2) 1(2) 11(2) 
O(14) 18(3) 31(3) 13(2) -3(2) 7(2) -4(2) 
O(15) 24(3) 15(2) 23(3) 4(2) 15(2) 1(2) 
O(16) 23(3) 13(2) 15(3) -3(2) 3(2) 1(2) 
O(17) 23(3) 31(3) 24(3) -5(2) 14(2) -8(2) 
O(18) 27(3) 22(3) 18(3) -7(2) 12(2) 4(2) 
O(19) 24(3) 20(3) 32(3) -5(2) 19(2) -3(2) 
O(20) 14(2) 36(3) 23(3) -2(2) 7(2) 0(2) 
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Table 3.9 Anisotropic thermal parameters (U × 103) for Cs7Ag2Fe7(PO4)10. 
  U11 U22 U33 U23 U13 U12 
Ag 98(2) 38(1) 63(1) -1(1) 50(1) 0(1) 
Cs(1) 43(1) 37(1) 70(1) 13(1) 28(1) 4(1) 
Cs(2) 65(1) 34(1) 63(1) 3(1) 24(1) -3(1) 
Cs(3) 65(1) 42(1) 71(1) -12(1) 42(1) -14(1) 
Cs(4) 39(1) 60(1) 47(1) -2(1) 16(1) -12(1) 
Fe(1) 29(2) 22(1) 25(1) -1(1) 12(1) -2(1) 
Fe(2) 28(2) 26(1) 27(1) 2(1) 9(1) -2(1) 
Fe(3) 21(2) 23(2) 25(2) -2(1) 6(1) -1(1) 
Fe(4) 31(2) 32(2) 128(4) -25(2) -8(2) 3(1) 
P(1) 31(3) 30(3) 34(3) 9(2) 16(2) 3(2) 
P(2) 41(3) 29(3) 46(3) -4(2) -9(2) 2(2) 
P(3) 48(3) 29(3) 25(2) -4(2) 4(2) 13(2) 
P(4) 37(3) 30(2) 26(2) -2(2) 12(2) -7(2) 
P(5) 182(11) 69(5) 25(3) -2(3) 15(4) -89(6) 
O(1) 35(7) 16(6) 27(6) 6(4) 14(5) -5(5) 
O(2) 45(9) 20(6) 30(7) -8(5) 0(6) 16(6) 
O(3) 31(8) 24(7) 64(9) -4(6) 18(7) 5(6) 
O(4) 42(9) 34(7) 31(7) -6(5) 7(6) -14(6) 
O(5) 25(8) 40(8) 50(8) 2(6) 12(6) 2(6) 
O(6) 41(9) 34(7) 64(9) 14(7) 33(7) 20(7) 
O(7) 110(16) 36(9) 36(8) -4(7) -16(9) -14(9) 
O(8) 71(12) 54(10) 33(8) -9(7) -13(8) 38(9) 
O(9) 45(10) 67(11) 29(7) -9(7) 10(6) 4(8) 
O(10) 40(10) 84(13) 66(11) 5(9) 35(8) 15(9) 
O(11) 60(11) 66(11) 34(8) -22(7) -1(7) 19(9) 
O(12) 69(13) 57(11) 48(10) -14(8) 3(8) 19(9) 
O(13) 52(11) 33(8) 61(10) 12(7) -8(8) -9(7) 
O(14) 120(20) 50(12) 91(15) 5(11) 13(14) 16(12) 
O(15) 55(12) 21(7) 125(16) -1(9) 34(11) -4(7) 
O(16) 127(18) 34(8) 30(8) 13(6) 13(9) -35(10) 
O(17) 78(14) 28(8) 79(12) 12(8) 4(10) 8(8) 
O(18) 33(10) 50(11) 133(19) -7(11) -21(11) 11(8) 
O(19) 67(13) 125(18) 28(8) 19(9) 14(8) 43(12) 
O(20) 360(50) 44(11) 140(20) 0(12) 200(30) -8(19) 
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Table 3.10 Selected Bond Distances and Angles of Cs4.65K4.35Fe7(PO4)10. 
Fe(1)-O(3) 1.905(6) Fe(4)-O(12)#3 2.202(6) 
Fe(1)-O(2) 1.929(6) Fe(4)-P(2)#6 2.711(2) 
Fe(1)-O(13) 1.958(6) P(1)-O(20) 1.482(7) 
Fe(1)-O(11)#1 2.093(6) P(1)-O(8)#2 1.524(6) 
Fe(1)-O(1) 2.102(6) P(1)-O(16)#2 1.554(6) 
Fe(1)-O(12) 2.114(6) P(1)-O(15) 1.557(7) 
Fe(1)-P(2)#1 2.664(2) P(2)-O(1)#7 1.527(6) 
Fe(2)-O(15) 1.865(6) P(2)-O(11) 1.529(6) 
Fe(2)-O(5) 1.889(6) P(2)-O(12)#4 1.556(6) 
Fe(2)-O(6) 1.920(6) P(2)-Fe(1)#7 2.664(2) 
Fe(2)-O(14) 1.927(7) P(2)-Fe(4)#2 2.711(2) 
Fe(2)-O(4) 2.208(5) P(3)-O(18) 1.478(7) 
Fe(2)-P(3) 2.715(2) P(3)-O(6)#8 1.545(6) 
Fe(3)-O(8)#2 1.992(5) P(3)-O(4) 1.564(6) 
Fe(3)-O(8)#3 1.992(5) P(3)-O(14) 1.570(7) 
Fe(3)-O(7)#4 2.000(6) P(4)-O(7) 1.516(6) 
Fe(3)-O(7) 2.000(6) P(4)-O(13) 1.517(6) 
Fe(3)-O(4)#4 2.005(5) P(4)-O(5) 1.542(6) 
Fe(3)-O(4) 2.005(5) P(4)-O(17) 1.543(6) 
Fe(4)-O(9)#3 1.868(6) P(5)-O(19)#1 1.477(7) 
Fe(4)-O(17)#3 1.874(6) P(5)-O(3)#9 1.526(6) 
Fe(4)-O(16)#5 1.913(6) P(5)-O(2) 1.552(6) 
Fe(4)-O(10)#6 1.968(6) P(5)-O(9) 1.573(6) 
O(3)-Fe(1)-O(2) 93.0(3) O(9)#3-Fe(4)-O(17)#3 119.1(3) 
O(3)-Fe(1)-O(13) 89.2(3) O(9)#3-Fe(4)-O(16)#5 104.9(3) 
O(2)-Fe(1)-O(13) 108.4(3) O(17)#3-Fe(4)-O(16)#5 89.2(3) 
O(3)-Fe(1)-O(11)#1 99.2(3) O(9)#3-Fe(4)-O(10)#6 117.0(3) 
O(2)-Fe(1)-O(11)#1 93.4(2) O(17)#3-Fe(4)-O(10)#6 119.4(3) 
O(13)-Fe(1)-O(11)#1 156.3(3) O(16)#5-Fe(4)-O(10)#6 97.0(3) 
O(3)-Fe(1)-O(1) 94.4(3) O(9)#3-Fe(4)-O(12)#3 91.6(2) 
O(2)-Fe(1)-O(1) 162.3(2) O(17)#3-Fe(4)-O(12)#3 88.2(2) 
O(13)-Fe(1)-O(1) 87.8(3) O(16)#5-Fe(4)-O(12)#3 162.4(3) 
O(11)#1-Fe(1)-O(1) 69.6(2) O(10)#6-Fe(4)-O(12)#3 69.2(2) 
O(3)-Fe(1)-O(12) 170.6(3) O(20)-P(1)-O(8)#2 114.5(4) 
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O(2)-Fe(1)-O(12) 85.2(2) O(20)-P(1)-O(16)#2 110.8(4) 
O(13)-Fe(1)-O(12) 82.6(2) O(8)#2-P(1)-O(16)#2 104.7(3) 
O(11)#1-Fe(1)-O(12) 90.2(2) O(20)-P(1)-O(15) 112.0(4) 
O(1)-Fe(1)-O(12) 89.9(2) O(8)#2-P(1)-O(15) 109.4(4) 
O(15)-Fe(2)-O(5) 119.0(3) O(16)#2-P(1)-O(15) 104.7(4) 
O(15)-Fe(2)-O(6) 103.4(3) O(1)#7-P(2)-O(11) 103.1(3) 
O(5)-Fe(2)-O(6) 91.2(3) O(1)#7-P(2)-O(10) 112.6(3) 
O(15)-Fe(2)-O(14) 118.1(3) O(11)-P(2)-O(10) 114.6(3) 
O(5)-Fe(2)-O(14) 118.0(3) O(1)#7-P(2)-O(12)#4 114.5(3) 
O(6)-Fe(2)-O(14) 97.7(3) O(11)-P(2)-O(12)#4 112.8(3) 
O(15)-Fe(2)-O(4) 92.2(2) O(10)-P(2)-O(12)#4 99.8(3) 
O(5)-Fe(2)-O(4) 86.0(2) O(18)-P(3)-O(6)#8 111.1(4) 
O(6)-Fe(2)-O(4) 163.5(3) O(18)-P(3)-O(4) 114.2(4) 
O(14)-Fe(2)-O(4) 69.7(2) O(6)#8-P(3)-O(4) 107.8(3) 
O(8)#2-Fe(3)-O(8)#3 180.000(1) O(18)-P(3)-O(14) 115.7(4) 
O(8)#2-Fe(3)-O(7)#4 91.0(3) O(6)#8-P(3)-O(14) 108.7(4) 
O(8)#3-Fe(3)-O(7)#4 89.0(3) O(4)-P(3)-O(14) 98.4(3) 
O(8)#2-Fe(3)-O(7) 89.0(3) O(7)-P(4)-O(13) 110.5(4) 
O(8)#3-Fe(3)-O(7) 91.0(3) O(7)-P(4)-O(5) 112.1(3) 
O(7)#4-Fe(3)-O(7) 180.00(12) O(13)-P(4)-O(5) 106.8(4) 
O(8)#2-Fe(3)-O(4)#4 90.8(2) O(7)-P(4)-O(17) 108.9(4) 
O(8)#3-Fe(3)-O(4)#4 89.2(2) O(13)-P(4)-O(17) 111.1(3) 
O(7)#4-Fe(3)-O(4)#4 89.1(2) O(5)-P(4)-O(17) 107.4(4) 
O(7)-Fe(3)-O(4)#4 90.9(2) O(19)#1-P(5)-O(3)#9 112.2(4) 
O(8)#2-Fe(3)-O(4) 89.2(2) O(19)#1-P(5)-O(2) 113.8(4) 
O(8)#3-Fe(3)-O(4) 90.8(2) O(3)#9-P(5)-O(2) 106.0(3) 
O(7)#4-Fe(3)-O(4) 90.9(2) O(19)#1-P(5)-O(9) 110.5(4) 
O(7)-Fe(3)-O(4) 89.1(2) O(3)#9-P(5)-O(9) 107.0(4) 
O(4)#4-Fe(3)-O(4) 180.000(1) O(2)-P(5)-O(9) 107.0(3) 
Symmetry transformation used to generate equivalent atoms: 
#1 x+1,y,z #2 x,y-1,z 
#3 -x+1,-y+1,-z+1 #4 
-x+1,-y,-
z+1 
#5 x,y,z+1 #6 x,y+1,z 
#7 x-1,y,z #8 
x,-
y+1/2,z+1/2 
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#9 x,-y+1/2,z-1/2 #10 x,y,z-1 
Table 3.11 Selected Bond Distances and Angles of Cs7Na2Fe7(PO4)10.  
Fe(1)-O(5) 1.922(5) Fe(4)-O(15)#3 2.033(5) 
Fe(1)-O(1)#6 1.934(5) P(1)-O(17) 1.491(6) 
Fe(1)-O(6)#3 1.959(5) P(1)-O(5) 1.519(5) 
Fe(1)-O(4)#14 2.087(5) P(1)-O(1) 1.543(5) 
Fe(1)-O(3) 2.098(5) P(1)-O(13) 1.577(5) 
Fe(1)-O(2) 2.121(5) P(2)-O(19) 1.477(5) 
Fe(2)-O(10) 1.866(5) P(2)-O(18) 1.554(5) 
Fe(2)-O(8)#7 1.884(5) P(2)-O(9) 1.556(5) 
Fe(2)-O(18)#9 1.910(5) P(2)-O(7)#6 1.561(5) 
Fe(2)-O(7)#9 1.941(5) P(3)-O(20) 1.498(5) 
Fe(2)-O(9)#16 2.214(5) P(3)-O(16) 1.530(5) 
Fe(3)-O(13)#17 1.882(5) P(3)-O(11) 1.558(5) 
Fe(3)-O(14) 1.882(5) P(3)-O(10) 1.567(5) 
Fe(3)-O(11) 1.892(5) P(4)-O(2) 1.521(5) 
Fe(3)-O(12)#4 2.000(5) P(4)-O(3) 1.534(5) 
Fe(3)-O(4)#4 2.111(5) P(4)-O(12) 1.548(5) 
Fe(4)-O(16)#7 1.965(5) P(4)-O(4) 1.555(5) 
Fe(4)-O(16)#2 1.965(5) P(5)-O(15) 1.508(5) 
Fe(4)-O(9) 2.020(5) P(5)-O(6) 1.513(5) 
Fe(4)-O(9)#3 2.020(5) P(5)-O(14) 1.544(5) 
Fe(4)-O(15) 2.033(5) P(5)-O(8) 1.552(5) 
O(5)-Fe(1)-O(1)#6 94.5(2) O(9)-Fe(4)-O(9)#3 180.000(1) 
O(5)-Fe(1)-O(6)#3 92.3(2) O(16)#7-Fe(4)-O(15) 89.1(2) 
O(1)#6-Fe(1)-O(6)#3 104.8(2) O(16)#2-Fe(4)-O(15) 90.9(2) 
O(5)-Fe(1)-O(4)#14 176.4(2) O(9)-Fe(4)-O(15) 92.57(19) 
O(1)#6-Fe(1)-O(4)#14 85.3(2) O(9)#3-Fe(4)-O(15) 87.43(19) 
O(6)#3-Fe(1)-O(4)#14 84.2(2) O(16)#7-Fe(4)-O(15)#3 90.9(2) 
O(5)-Fe(1)-O(3) 93.5(2) O(16)#2-Fe(4)-O(15)#3 89.1(2) 
O(1)#6-Fe(1)-O(3) 161.8(2) O(9)-Fe(4)-O(15)#3 87.43(19) 
O(6)#3-Fe(1)-O(3) 91.2(2) O(9)#3-Fe(4)-O(15)#3 92.57(19) 
O(4)#14-Fe(1)-O(3) 87.73(19) O(15)-Fe(4)-O(15)#3 180.00(13) 
O(5)-Fe(1)-O(2) 94.9(2) O(17)-P(1)-O(5) 112.7(3) 
O(1)#6-Fe(1)-O(2) 93.3(2) O(17)-P(1)-O(1) 113.6(3) 
O(6)#3-Fe(1)-O(2) 159.9(2) O(5)-P(1)-O(1) 105.5(3) 
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O(4)#14-Fe(1)-O(2) 88.7(2) O(17)-P(1)-O(13) 109.9(3) 
O(3)-Fe(1)-O(2) 69.69(18) O(5)-P(1)-O(13) 107.4(3) 
O(10)-Fe(2)-O(8)#7 118.2(2) O(1)-P(1)-O(13) 107.4(3) 
O(10)-Fe(2)-O(18)#9 103.3(2) O(19)-P(2)-O(18) 111.3(3) 
O(8)#7-Fe(2)-O(18)#9 93.3(2) O(19)-P(2)-O(9) 114.8(3) 
O(10)-Fe(2)-O(7)#9 113.6(2) O(18)-P(2)-O(9) 108.4(3) 
O(8)#7-Fe(2)-O(7)#9 122.3(2) O(19)-P(2)-O(7)#6 114.4(3) 
O(18)#9-Fe(2)-O(7)#9 98.4(2) O(18)-P(2)-O(7)#6 108.3(3) 
O(10)-Fe(2)-O(9)#16 92.7(2) O(9)-P(2)-O(7)#6 98.8(3) 
O(8)#7-Fe(2)-O(9)#16 84.4(2) O(20)-P(3)-O(16) 114.4(3) 
O(18)#9-Fe(2)-O(9)#16 162.9(2) O(20)-P(3)-O(11) 112.8(3) 
O(7)#9-Fe(2)-O(9)#16 69.08(19) O(16)-P(3)-O(11) 103.6(3) 
O(13)#17-Fe(3)-O(14) 115.1(2) O(20)-P(3)-O(10) 112.0(3) 
O(13)#17-Fe(3)-O(11) 101.1(2) O(16)-P(3)-O(10) 109.0(3) 
O(14)-Fe(3)-O(11) 93.4(2) O(11)-P(3)-O(10) 104.1(3) 
O(13)#17-Fe(3)-O(12)#4 119.1(2) O(2)-P(4)-O(3) 104.2(3) 
O(14)-Fe(3)-O(12)#4 122.8(2) O(2)-P(4)-O(12) 115.2(3) 
O(11)-Fe(3)-O(12)#4 93.5(2) O(3)-P(4)-O(12) 112.8(3) 
O(13)#17-Fe(3)-O(4)#4 93.8(2) O(2)-P(4)-O(4) 113.3(3) 
O(14)-Fe(3)-O(4)#4 89.9(2) O(3)-P(4)-O(4) 113.0(3) 
O(11)-Fe(3)-O(4)#4 161.7(2) O(12)-P(4)-O(4) 98.6(3) 
O(12)#4-Fe(3)-O(4)#4 69.79(19) O(15)-P(5)-O(6) 112.1(3) 
O(16)#7-Fe(4)-O(16)#2 180.000(1) O(15)-P(5)-O(14) 109.1(3) 
O(16)#7-Fe(4)-O(9) 90.2(2) O(6)-P(5)-O(14) 110.7(3) 
O(16)#2-Fe(4)-O(9) 89.8(2) O(15)-P(5)-O(8) 111.3(3) 
O(16)#7-Fe(4)-O(9)#3 89.8(2) O(6)-P(5)-O(8) 106.8(3) 
O(16)#2-Fe(4)-O(9)#3 90.2(2) O(14)-P(5)-O(8) 106.7(3) 
Symmetry transformations used to generate equivalent atoms: 
#1 
x-1,-
y+1/2,z-1/2 #2 x,y,z-1 
#3 -x+1,-y,-z+1 #4 x-1,y,z 
#5 x-1,y,z-1 #6 x,-y+1/2,z-1/2 
#7 -x+1,-y,-z+2 #8 
-x+1,y+1/2,-
z+3/2 
#9 
x,-
y+1/2,z+1/2 #10 
x-1,-
y+1/2,z+1/2 
#11 x+1,y,z #12 -x+2,-y,-z+2 
#13 -x+2,y-1/2,- #14 -x+2,-y,-z+1 
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z+3/2 
#15 
x+1,-
y+1/2,z-1/2 #16 x,y,z+1 
#17 
-x+1,y-1/2,-
z+3/2 #18 
-x+2,y+1/2,-
z+3/2 
#19 
x+1,-
y+1/2,z+1/2     
 
Table 3.12 Selected Bond Distances and Angles of Cs7Ag2Fe7(PO4)10. 
Fe(1)-O(16) 1.921(13) Fe(4)-O(14) 2.17(3) 
Fe(1)-O(1)#1 1.921(11) P(1)-O(6) 1.483(15) 
Fe(1)-O(9)#6 1.924(17) P(1)-O(5) 1.524(16) 
Fe(1)-O(2)#6 2.073(12) P(1)-O(9) 1.546(16) 
Fe(1)-O(13)#2 2.083(18) P(1)-O(3) 1.550(14) 
Fe(1)-O(19)#2 2.169(18) P(2)-O(11) 1.485(16) 
Fe(2)-O(5)#3 1.888(15) P(2)-O(18) 1.53(2) 
Fe(2)-O(4)#9 1.897(14) P(2)-O(17) 1.54(2) 
Fe(2)-O(7)#3 1.897(14) P(2)-O(7) 1.558(18) 
Fe(2)-O(8)#3 2.020(15) P(3)-O(13) 1.521(17) 
Fe(2)-O(2)#3 2.205(12) P(3)-O(19) 1.52(2) 
Fe(3)-O(15)#1 1.977(15) P(3)-O(2) 1.554(12) 
Fe(3)-O(15)#10 1.977(15) P(3)-O(8) 1.562(14) 
Fe(3)-O(11)#3 1.983(14) P(4)-O(10) 1.479(17) 
Fe(3)-O(11)#11 1.983(14) P(4)-O(16) 1.522(15) 
Fe(3)-O(6) 2.048(15) P(4)-O(1) 1.550(12) 
Fe(3)-O(6)#12 2.048(15) P(4)-O(4) 1.552(13) 
Fe(4)-O(3)#3 1.871(15) P(5)-O(20) 1.35(2) 
Fe(4)-O(17) 1.879(18) P(5)-O(15) 1.439(17) 
Fe(4)-O(12)#2 1.95(2) P(5)-O(12) 1.520(16) 
Fe(4)-O(20) 1.97(3) P(5)-O(14) 1.78(3) 
O(16)-Fe(1)-O(1)#1 96.4(7) O(3)#3-Fe(4)-O(17) 115.7(7) 
O(16)-Fe(1)-O(9)#6 91.3(8) O(3)#3-Fe(4)-O(12)#2 107.5(7) 
O(1)#1-Fe(1)-O(9)#6 106.5(6) O(17)-Fe(4)-O(12)#2 106.5(9) 
O(16)-Fe(1)-O(2)#6 175.3(8) O(3)#3-Fe(4)-O(20) 130.3(12) 
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O(1)#1-Fe(1)-O(2)#6 87.6(5) O(17)-Fe(4)-O(20) 105.3(11) 
O(9)#6-Fe(1)-O(2)#6 85.2(6) O(12)#2-Fe(4)-O(20) 85.1(8) 
O(16)-Fe(1)-O(13)#2 96.1(8) O(3)#3-Fe(4)-O(14) 81.6(8) 
O(1)#1-Fe(1)-
O(13)#2 93.7(6) O(17)-Fe(4)-O(14) 103.5(9) 
O(9)#6-Fe(1)-
O(13)#2 157.6(7) O(12)#2-Fe(4)-O(14) 140.2(8) 
O(2)#6-Fe(1)-
O(13)#2 86.1(6) O(20)-Fe(4)-O(14) 61.9(11) 
O(16)-Fe(1)-O(19)#2 91.8(7) O(6)-P(1)-O(5) 108.4(8) 
O(1)#1-Fe(1)-
O(19)#2 159.6(7) O(6)-P(1)-O(9) 109.6(9) 
O(9)#6-Fe(1)-
O(19)#2 91.9(8) O(5)-P(1)-O(9) 109.9(8) 
O(2)#6-Fe(1)-
O(19)#2 85.2(6) O(6)-P(1)-O(3) 112.2(8) 
O(13)#2-Fe(1)-
O(19)#2 66.8(7) O(5)-P(1)-O(3) 109.1(8) 
O(5)#3-Fe(2)-O(4)#9 117.3(7) O(9)-P(1)-O(3) 107.7(9) 
O(5)#3-Fe(2)-O(7)#3 95.7(9) O(11)-P(2)-O(18) 113.1(12) 
O(4)#9-Fe(2)-O(7)#3 98.1(7) O(11)-P(2)-O(17) 109.3(11) 
O(5)#3-Fe(2)-O(8)#3 119.1(8) O(18)-P(2)-O(17) 111.3(11) 
O(4)#9-Fe(2)-O(8)#3 119.5(8) O(11)-P(2)-O(7) 105.2(9) 
O(7)#3-Fe(2)-O(8)#3 96.4(7) O(18)-P(2)-O(7) 113.1(12) 
O(5)#3-Fe(2)-O(2)#3 89.2(6) O(17)-P(2)-O(7) 104.2(11) 
O(4)#9-Fe(2)-O(2)#3 92.3(6) O(13)-P(3)-O(19) 100.6(10) 
O(7)#3-Fe(2)-O(2)#3 164.9(6) O(13)-P(3)-O(2) 113.7(10) 
O(8)#3-Fe(2)-O(2)#3 68.8(5) O(19)-P(3)-O(2) 115.2(11) 
O(15)#1-Fe(3)-
O(15)#10 180.000(1) O(13)-P(3)-O(8) 113.6(10) 
O(15)#1-Fe(3)-
O(11)#3 87.5(8) O(19)-P(3)-O(8) 114.0(10) 
O(15)#10-Fe(3)-
O(11)#3 92.5(8) O(2)-P(3)-O(8) 100.4(8) 
O(15)#1-Fe(3)-
O(11)#11 92.5(8) O(10)-P(4)-O(16) 113.6(12) 
O(15)#10-Fe(3)-
O(11)#11 87.5(8) O(10)-P(4)-O(1) 112.5(9) 
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O(11)#3-Fe(3)-
O(11)#11 180.000(1) O(16)-P(4)-O(1) 106.3(9) 
O(15)#1-Fe(3)-O(6) 90.0(7) O(10)-P(4)-O(4) 109.1(10) 
O(15)#10-Fe(3)-O(6) 90.0(7) O(16)-P(4)-O(4) 106.3(9) 
O(11)#3-Fe(3)-O(6) 88.9(7) O(1)-P(4)-O(4) 108.7(8) 
O(11)#11-Fe(3)-O(6) 91.1(7) O(20)-P(5)-O(15) 123.6(15) 
O(15)#1-Fe(3)-
O(6)#12 90.0(7) O(20)-P(5)-O(12) 120.5(18) 
O(15)#10-Fe(3)-
O(6)#12 90.0(7) O(15)-P(5)-O(12) 113.3(13) 
O(11)#3-Fe(3)-
O(6)#12 91.1(7) O(20)-P(5)-O(14) 84.5(19) 
O(11)#11-Fe(3)-
O(6)#12 88.9(7) O(15)-P(5)-O(14) 104.4(13) 
O(6)-Fe(3)-O(6)#12 180.0(10) O(12)-P(5)-O(14) 98.1(12) 
Symmetry transformation used to generate equivalent atoms: 
#1 x,-y+1/2,z-1/2 #2 
x,-
y+1/2,z+1/2 
#3 -x+1,-y,-z+1 #4 
x-1,-y+1/2,z-
1/2 
#5 -x,-y,-z #6 
-x,y+1/2,-
z+1/2 
#7 -x,-y,-z+1 #8 x,y,z+1 
#9 x+1,y,z #10 
-x+1,y-1/2,-
z+1/2 
#11 x,y,z-1 #12 -x+1,-y,-z 
#13 
x+1,-
y+1/2,z+1/2 #14 
-x,y-1/2,-
z+1/2 
#15 x-1,y,z #16 
-x+1,y+1/2,-
z+1/2 
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Powder X-Ray Diffraction Studies 
From here on, only the Cs4.65K4.35Fe7(PO4)10 phase will be discussed due to the 
extensive research done on that compound.  In order to prepare a larger quantity sample 
for the study of its ion-exchange properties, a stiochiometric yield reaction is attempted.  
Polycrystalline samples of the rounded solution, Cs5K4Fe7(PO4)10,  were synthesized in an 
open system from the mixture of Cs2CO3 (0.0233 mmol), K2CO3 (0.0218 mmol), Fe2O3 
(0.035 mmol), and (NH4)H2PO4 (0.010 mmol).  These reactants were ground together in 
air then the mixture was loaded into an alumina crucible.  The reaction was heated to 
800°C at a rate of 2°C/min and held at that temperature for 2 days before being furnace 
cooled to room temperature.  The sample was subject to regrind/reheat twice to increase 
the crystallinity and for completion of reaction.  A solid solution series was made in a 
similar fashion, where the amount of Cs2CO3 and K2CO3 were varied.  The X-ray powder 
diffraction data was collected on a Scintag XDS 2000 diffractometer with Cu Kα 
radiation in the 2θ range 2-65° at a step size of 0.03° at room temperature.  The powder 
X-ray diffraction (PXRD) pattern was refined whenever appropriate using the General 
Structure Analysis System (GSAS)16 program. 
UV-Vis Diffuse Reflectance Spectroscopy 
The optical absorption spectrum of Cs4.65K4.35Fe7(PO4)10 was recorded on a PC-
controlled SHIMADZU UV-3100/Vis/near-IR spectrometer equipped with an integrating 
sphere.  Selected crystals of Cs4.65K4.35Fe7(PO4)10 were ground and smeared onto BaSO4, 
which was pressed to the holder for data collection.  The reflectance data were collected 
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between the range of 200nm (6.2eV) to 2500nm (0.5eV) using slow scan speed and then 
manually converted to arbitrary absorption units using the Kubelka-Munk function.17 
Magnetic Susceptibility Measurement 
A Quantum Design SQUID MPMS-5S magnetometer was employed to measure the 
magnetic susceptibility of Cs4.65K4.35Fe7(PO4)10.  The data of the magnetic moment were 
collected from 2 to 300 K in the applied field of H = 0.5T.  Selected crystals were ground 
and placed in a gel capsule sample holder for the measurements.  The sample mass for 
Cs4.65K4.35Fe7(PO4)10 was 23.9 mg.  The magnetic susceptibility was corrected for the gel 
capsule and core diamagnetism with the Pascal’s constant.18 
Inductively Coupled Plasma 
Quantitative analysis employing Inductively Coupled Plasma Optical Emission 
Spectroscopy (ICPOES) was performed to determine the Li and Fe concentrations for the 
bulk material of ion-exchanged product, Li9Fe7(PO4)10 (see details below).  ICPOES was 
performed via a JY ULTIMA 2 plasma emission spectrometer using an argon flow for the 
plasma.  The solution was prepared by taking 11.8mg of the polycrystalline sample and 
placing it in 10mL of concentrated HNO3 (1% metal grade) then stirred and heated until 
the sample was dissolved.  It was then diluted down using a 1% HNO3 solution to the 
appropriate concentration (1.00ppm for Li, 6.26 ppm for Fe) based on the chemical 
formula for fully Li+-exchanged Li9Fe7(PO4)10. 
IR Spectroscopy 
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To find if there was any residual solvents, water or organic molecules, IR spectroscopy 
was performed.  The sample (ca. 0.01g) was ground together with KBr (0.1g) and pressed 
into a pellet.  These pellets were measured on a NICOLET Magna IR Spectrometer 550. 
Electrochemical Tests 
For electrochemical evaluation, the materials were laminated on an aluminum current 
collector using a 70% electrochemical active sample, 15% poly(vinylidene difluoride) 
(PvDF) binder in n-methyl pyrrolidinone (NMP), and ~15% carbon (50/50 mix of 
acetylene black and graphite).  The electrode capacities was measured in 2032 button 
cells using a Li metal anode, Celgard PP/PE separators, and an electrolyte consisting of a 
1.0 M LiPF6 solution of a 50/50 mixture (by weight) of diethyl carbonate (DEC) and 
ethylene carbonate (EC).  The voltage windows used (after preliminary testing) were 1.5–
4.8 V (vs. Li) for Cs5K4Fe7(PO4)10 and 0.7–4.8 V for Li9Fe7(PO4)10.  Cycling was done 
with a 0.063 mA/cm2 current using Maccor cyclers.19 
 
Results and Discussion 
Synthesis and Structure 
The title compounds were isolated by traditional high-temperature, solid-state methods 
employing a eutectic molten-salt flux.  The as-prepared crystals are amber and black 
columns.  All three of the compounds could be prepared with a high yield of crystals.  
The attempt to synthesize the bulk powder in an open system from the stioichiometric 
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reaction was capable only for Cs9-xKxFe7(PO4)10 and Cs7Na2Fe7(PO4)10, however both the 
samples needed to have intermitant grindings and to be heated twice to get a pure phase.  
The Na-analog was not studied as intensely because of the smaller size of the Na over 
that of the K.  It is thought that the larger the A-site cation, the easier it will be to remove.  
Therefore, only the Cs/K-analog has been extensively studied. 
Cs4.65K4.35Fe7(PO4)10, as listed in Table 3.1, crystallizes in the monoclinic space group 
P21/c (no. 14) with the cell dimensions a = 13.898(3) Å, b = 16.381(3) Å, c = 9.835(2) Å, 
β = 110.45(3)º, and V = 2098(2) Å3.  The X-ray single crystal structure reveals a three-
dimensional framework that consists of interconnected channels where the cations K+ and 
Cs+ reside (Figs. 3.1-3.3).  Figures 3.1 and 3.2 show the Fe-O-P framework consisting of 
channels along the c and a axes, respectively.  One immediately notices the fused 
windows, which feature eight- and twelve-membered rings.  The rings consist of corner- 
and edge-shared polyhedra, which include 3 FeO5 trigonal bipyramids, 1 FeO6 
octahedron, 4 PO4 tetrahedral units and 4FeO5/2FeO6/6PO4 polyhedral units, respectively 
(Fig. 3.3a).  Viewing along the orthogonal axis a (Fig. 3.2), one can recognize an 
additional set of channels containing an eight-membered Fe-O-P window made of 
3FeO5/1FeO6/4PO4 (Fig. 3.3b).  The channels along the a- and c-directions are 
interconnected as might be discerned from Figure 3.4.  One can see a window in the 
middle of the drawing facing approximately along the c axis and two additional openings 
at opposite ends along a.  Judging from the “compaction” of cations, it would be possible 
for cations to hop between sites, a necessity for the facile ion transport. 
 74 
Another interesting feature of this structure are the trimers and dimer that the FeOn 
polyhedra form (Fig. 3.5).  The trimers consist of a central Fe(3)O6 octahedron which is 
corner-shared to two Fe(2)O5 trigonal bypyramid groups.  The dimers consist of one 
Fe(1)O6 octahedron which is corner-shared by an Fe(4)O5 trigonal bypyramid.  The 
average bond distance for the Fe-O in both the trimers and dimers is 1.99 (2) Å, which is 
in a good agreement with the Shannon crystal radii20 (1.93 Å for FeO5, 2.00 Å for FeO6).  
These trimers and dimers are connect through a P(4)O4 tetrahedron.  All of the PO4 
tetrahedrals have an average bond length of 1.54(2) Å (Shannon cystal radii for P-O is 
1.52 Å.  Within both of the trimers and dimers, the Fe-Fe distance is approximately 
3.69(2) - 3.72(2) Å with bond angles of ∠Fe(2)-O(4)-Fe(3) = 121.94(1) and ∠Fe(1)-
O(12)-Fe(4) = 118.95(1)º, respectively.  These linkages provide exchange pathways for 
magnetic couplings among Fe3+ cations responsible for the observed ferrimagnetic 
behaviors reported below. 
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Figure 3.1. Mixed polyhedral (PO4) and ball/stick (FeOn) representations showing 
the projected view of the Cs4.65K4.35Fe7(PO4)10 structure along c.  The cations, K+ 
and Cs+, reside in the channels.  
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Figure 3.2 Mixed polyhedral (PO4) and ball/stick (FeOn) representations showing 
the projected view of the Cs4.65K4.35Fe7(PO4)10 structure along a.  The 
electropositive cations, K+ and Cs+, reside in the channels.  K(1), did not show, is 
hidden behind one of the PO4 units. 
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Figure 3.3 (a) Fused 8- and 12-membered-ring windows for channels viewed 
approximately along the c axis and (b) eight-membered-ring window along the a 
axis. The K+ and Cs+ cations residing in the channels are included as a reference 
for viewing. 
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Figure 3.4. Framework showing the partial structure of interconnected channels 
along the a and c directions. The solid lines represent the Fe-P connectivity within 
the selected distances ranging from 2.66 Å to 3.34 Å.  For simplicity, the oxygen 
atoms are omitted. 
            
 
Figure 3.5 Mixed polyhedral (PO4) and ball/stick (FeOn) representation showing 
the trimers and dimers formed by corner sharing FeOn units (left).  Fe-Fe distance 
of the trimer and dimers (right). 
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Magnetic Susceptibility 
For the evaluation of the oxidation states of each of the iron sites and due to the 
interesting Fe-O framework, which shows trimers and dimers of the fused polyhedra (Fig. 
3.5), the magnetic susceptibility properties were investigated.  The temperature-
dependent magnetic susceptibility measurements of Cs4.65K4.35Fe7(PO4)10 reveal a 
“ferromagnetic” transition around 4K (Figs. 3.6 & 3.7).  The χ-1 vs. T plot (Fig. 3.6 top) 
shows a linear line at high temperatures, which fits well to the Curie-Weiss law using χ = 
C/(T-θ) in the 200 – 300K region (χ = magnetic susceptibility, C = curie constant, T = 
Temperature, θ = Weiss Constant).  The fit results in a negative Weiss constant, θ = -
66(4)º K, suggesting that the overall high temperature spin exchange interactions are 
dominated by antiferromagnectic (AFM) interactions.  From the high-temperature 
susceptibility values, the effective magnetic moment is estimated to be µeff = 6.2(3) µB, 
which is comparable with the µcal = 5.92 µB) based on the Fe3+ ions.  The oxidation state 
is further proven by substituting the µeff value to solve for the g value.  In the case of Fe3+ 
(d5), the g = 2.09(1) value is comparable with the expected g = 2 for spin only systems.  
From the χ vs. T curves, several transitions at 35 K, 10 K and 4 K are observed.  
Therefore, a field sweep was performed to confirm that these transitions were ferro- 
(ferri-) magnetic in nature.  The field sweep shows hysteresis loops at 5 and 10K (Fig. 
3.7); with coercive fields of 1000 Oe and 100 Oe, respectively.  The presence of the 
hysteresis loops provide evidence of the existence of the ferrimagnetic coupling that is 
occurring.  
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Figure 3.6 The plot of χ and χ-1 (top) and χT (bottom) as a function of temperature 
(T) for ground single crystals of Cs4.65K4.35Fe7(PO4)10. 
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Figure 3.7.  The plot of the field sweep with hysteresis loops at 5K and 10K. 
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In order to get a sizable amount of sample for battery testing, a stiochiometric yield of 
compound with a rounded composition Cs5K4Fe7(PO4)10 was synthesized.  The summary 
and the pattern of the powder X-ray diffraction refinement for Cs5K4Fe7(PO4)10 are given 
in Table 3.13 and Figure 3.8, respectively.  A solid solution series was synthesized for the 
Cs/K phase using the general formula Cs9-xKxFe7(PO4)10.  From the PXRD pattern (Fig. 
3.9), it can be seen that this phase formed in the range of 1.0 < x < 6.5, which shows the 
versatility of this structure to form in a range of stiochiometries. 
UV-Vis Diffuse Reflectance Spectroscopy 
UV-vis spectroscopy involves the spectroscopy of photons in the UV-visible region.  
This technique measures transitions from the ground state to the excited state which 
provides information on what the type of transition occurring (e.g. d-d or ligand to metal 
charge transfer (LMCT).  In Cs5K4Fe7(PO4)10 there are four crystallographically 
independent Fe(III) sites, where two are adopting octahedral geometry and two are 
adopting trigonal bypyramid geometry.  The reflectance spectrum of Cs5K4Fe7(PO4)10 
was collected at the range of 0.5 – 6.2eV, which ranges from ultraviolet to infrared.  A 
broad absorption peak which stretches from 3 - 4.2 eV, as shown in Fig. 3.10, was 
observed, corresponding to the LMCT.  This compound does not show any d-d 
transitions signifying the Fe sites are d5 (Fe3+). 
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Table 3.13 Summary of the Crystallographic Data via Powder X-ray               
Diffraction Refinement for Cs5K4Fe7(PO4)10. 
Chemical Formula Cs4.65K4.35Fe7(PO4)10 Cs5K4Fe7(PO4)10 
Diffraction Type SXRD PXRD 
Space Group P21/c (No.14) P21/c (No. 14) 
a (Å) 13.898(3) 13.917(3) 
b (Å) 16.381(3) 16.443(3) 
c (Å) 9.835(2) 9.830(2) 
β (°) 110.45(3) 110.59(1) 
V (Å3) 2098.0(7) 2106(1) 
Rpa 0.0490 0.0870 
Rwpb 0.1508 0.1152 
a
 Rp = Σ׀Io-Ic׀ / Σ׀Io׀ 
b
 Rwp = [Σw׀Io-Ic׀2 / w׀Io׀2]1/2 
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Figure 3.8.  The powder X-ray diffraction (PXRD) pattern of Cs5K4Fe7(PO4)10 
refined using the GSAS program: experimental (circles), calculated (red line), and 
difference (Iobs – Icalc) (blue line).  Minor extra peaks in the powder pattern are due 
to an unidentified impurity phase. 
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Figure 3.9.  PXRD pattern of the solid solution series of Cs9-xKxFe7(PO4)10; from 
bottom: calculated PXRD profile based on the x = 4.35 phase, x = 0, 1, 1.5, 2, 4, 6, 
6.5, 7, 8, 9. 
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Figure 3.10 The UV-Vis diffuse reflectance spectrum of polycrystalline 
Cs5K4Fe7(PO4)10. 
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Ion-exchange reaction on single crystals of Cs4.65K4.35Fe7(PO4)10 
As described in the structure description above, this material has interesting 
characteristics that make it a potential candidate for a battery material.  The first 
advantage being that it contains a polyanion (PO4), which increases the redox couple of 
the Fe2+/Fe3+ by the inductive effect.  This inductive effect occurs due to strong 
polarization of the oxygen atoms toward the P cation which subsequently lowers the 
energy of covalent orbital in the Fe-O bonds, thus making the reduction to occur easier.  
The other advantage of this compound is the Fe-O-Fe connectivity.  This compound 
contains extensive corner-sharing, which lowers the energy of the Fe3+/Fe2+ redox couple 
and thus will generate a higher open circuit voltage.  Therefore, if lithium could be 
exchanged into this material, the battery applications should be promising. 
Ion-exchange was then performed to replace the large cations, which were employed 
to template the formation of large open-framework structure, with lithium for use as a 
possible electrode material.  Ion-exchange reactions under mild hydrothermal conditions 
were successful.  The studies were first performed on selected single crystals for a timely 
acquisition of structural information and followed by polycrystalline sample. 
Single crystals (ca. 30 mg) of Cs4.65K4.35Fe7(PO4)10 were immersed in 10 mL of 1M 
ANO3 solutions (A = Li, Na, K, Rb, Cs) and heated in a Teflon-lined hydrothermal bomb 
at 200°C for 12 hr.  Although the morphologies of the crystals were mostly preserved, the 
column crystals suffered microscopic damage as shown by the apparent grooves seen on 
the surface of crystals (Figure 3.11, right).  Subsequently, its structural solution (Table 
3.11) was relatively poor.  We believe that a fairly large volume reduction (ca. 0.36% for 
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the Na phase) could also be one of the causes of destruction in crystallinity.  As expected, 
the substituted alkali metal cations A+ are statistically distributed over all the K+ and Cs+ 
sites in Cs4.65K4.35Fe7(PO4)10.  For each data crystal, the contents were confirmed via 
semi-quantitative elemental analysis by the energy dispersive X-ray (EDX) method. The 
refined compositions (Table 3.14), according to the employed ANO3 solution, are 
Cs5.95(2)Li3.05(1)Fe7(PO4)10, Cs4.86(2)Na4.14(1)Fe7(PO4)10, Cs5.63(2)K3.37(1)Fe7(PO4)10, 
Cs4.25(3)Rb1.89(1)K2.86(2)Fe7(PO4)10, and Cs5.67(1)K3.33(1)Fe7(PO4)10, respectively.  A close 
examination of the refinement results of site occupancy suggests that there is a preferred 
ion substitution.  One can distinctly divide the results into two categories according to the 
relative size of the A+ cation, that is, smaller (A+ = Li+, Na+) versus larger (A+ = K+, Rb+, 
Cs+).  For the K(1) and Cs(1) sites, there is no sign of substitution with larger ions.  This 
is consistent with the tight coordination spheres that these two cations adopt judging from 
relatively short A-O distances.  Other cation sites in Cs4.65K4.35Fe7(PO4)10 are evidently 
accessible by ions of all sizes via solution.  Seemingly Li+ substitution on the K(1) and 
Cs(1) sites occurs less readily than Na+.  This could be because the steric hindrance due 
to the solvation sphere of [Li(H2O)n]+ is larger than that of [Na(H2O)m]+, where n > m.21  
The K(1) site was then refined as mixed Cs+/Li+, since the EDX shows no trace amounts 
of K+ in Cs5.95Li3.05Fe7(PO4)10 but a fully occupied Na+ site in Cs4.86Na4.14Fe7(PO4)10. 
The ion hopping inside the channel frameworks is thus evident in all ion-exchanged 
products, and the resulting crystals, with an exception of Cs4.25Rb1.89K2.86Fe7(PO4)10, 
possess cesium compositions exceeding the original value of Cs4.65K4.35Fe7(PO4)10.  In the 
K+-exchange crystals, Cs5.63K3.37Fe7(PO4)10, for instance, the structural solution suggests 
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mixed K+/Cs+ on the K(2) site, which is presumably due to internal ion transport 
(diffusion). 
It is interesting to note that Cs5.67K3.33Fe7(PO4)10 (obtained from the CsNO3 solution) 
adopts a similar overall composition as Cs5.63K3.37Fe7(PO4)10 (obtained from the KNO3 
solution).  We, however, are uncertain about the source of extra Cs+ cation in others 
unless some of the secondary impurity crystals were dissolved to provide the needed 
cesium cations through solution.  In Cs4.25Rb1.89K2.86Fe7(PO4)10, although [Cs+] was 
decreased, the overall concentration of large cations (Rb+ and Cs+) was increased.  In 
retrospect, the Rb+ diffusion could also be attributed to the interconnected “open-
channel” where the K+/Cs+ cations reside in rather loose coordination environments 
judging from calculated low bond valence sum values. 
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Figure 3.11 SEM images of single crystals from Rb+ (left) and Na+ (right) ion-
exchanged reactions. The column and plate-like morphologies of parent crystals 
were preserved.  The Na+-containing crystal exhibits grooves possibly along 
certain crystallographic planes. 
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Table 3.14 Selected Crystallographic Data for Cs4.65K4.35Fe7(PO4)10a and its ion-
exchanged derivatives. 
 
empirical formulab 1 2 3 4 5 6 
fw 4323.12 4304.44 4167.88 4440.95 4358.63 4449.20 
space group P21/c (no. 14) P21/c (no. 14),  P21/c (no. 14) P21/c (no. 14) P21/c (no. 14),  P21/c (no. 14),  
 Z  2 2  2  2 2 2 
T, oC 25 25 25 25 25 25 
a, Å 13.898(3) 13.899(3) 13.744(3) 13.762(3) 13.901(3) 13.795(3) 
b, Å 16.381(3) 16.397(3) 16.502(3) 16.508(3) 16.392(3) 16.463(3) 
c, Å 9.835(2) 9.830(2) 9.807(2) 9.840(2) 9.827(2) 9.848(2) 
β, 
o
 110.45(3) 110.40(3) 109.97(3) 110.29(3) 110.49(3) 110.10(3) 
V, Å3 2098.0(7) 2099.8(7) 2090.5(7) 2096.8(7) 2097.6(7) 2100.3(7) 
µ (Mo Kα), mm-1 7.524 7.931 7.079 8.005 8.955 8.025 
d
calc, g cm
-3
 3.422 3.404 3.312 3.517 3.450 3.517 
data/restraints/ 
parameters 
4115/0/304 
 
4121/0/305 
 
4091/0/305 
 
4071/0/304 
 
4089/0/305 
 
4107/0/304 
 
secondary 
extinction 
0.000098 (6) 
 
- 
 
- 
 
- 
 
0.00016(5) 
 
- 
 
final R1/wR2c 
[I > 2σ(I)] 
0.0518/0.1367 
 
0.064/0.1263 
 
0.1156/0.2224 
 
0.0911/0.1407 
 
0.0701/0.1114 
 
0.0778/0.1286 
 
R (all) 0.054 0.080 0.116 0.116 0.098 0.1025 
GOF 0.983 1.11 1.19 1.23 1.18 1.179 
a
 Three randomly selected crystals were studied and their refined site occupancies with respect to the K+ can Cs+ cations 
appeared to be consistent.  Some selected crystallographic data of single crystals from the same reaction are listed as follows 
for comparison: crystal #1 (Cs4.65(3)K4.35(1)Fe7(PO4)10), a = 13.898(3) Å, b = 16.381(3) Å, c = 9.835(2) Å, β = 110.45(3)o, V = 
2098.0(7) Å3, R1/wR2/R(all) = 0.0518/0.1367/0.054; crystal #2 (Cs4.66(3)K4.34(1)Fe7(PO4)10), a = 13.896(3) Å, b = 16.396(3) Å, c 
= 9.827(2) Å, β = 110.42(3)o, V = 2098.3(7) Å3, R1/wR2/R(all) = 0.0529/0.1367/0.059; crystal #3 (Cs4.64(3)K4.36(1)Fe7(PO4)10), a 
= 13.879(2) Å, b = 16.367(3) Å, c = 9.831(2) Å, β = 110.40 (7)o, V = 2093.1(6) Å3, R1/wR2/R(all) = 0.0524/0.1404/0.056. 
b 1 Cs4.65(3)K4.35(1)Fe7(PO4)10; 2 Cs5.95(2)Li3.05(1)Fe7(PO4)10; 3 Cs4.86(2)Na4.14(1)Fe7(PO4)10; 4 Cs5.63(2)K3.37(1)Fe7(PO4)10; 5 
Cs4.25(3)Rb1.89(1)K2.86(2)Fe7(PO4)10; 6 Cs5.67(1)K3.33(1)Fe7(PO4)10. 
c 1 R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2)
2
] / [Σw(Fo)2)2]}
1/2
; w = 1 / [σ2(F
o
2
 + (0.0407P)2 + 10.3635P], where P = 
(Fo2 + 2Fc2)/3;  2 R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2)
2
] / [Σw(Fo)2)2]}
1/2
; w = 1 / [σ2(F
o
2
 + (0.0255P)2 +51.1518P], 
where P = (Fo2 +2Fc2)/3;  3 R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2)
2
] / [Σw(Fo)2)2]}
1/2
; w = 1/ [σ2(F
o
2
  + (0.0283P)2 
+192.8212P], where P = (Fo2 +2Fc2)/3;  4 R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2)
2
] / [Σw(Fo)2)2]}
1/2
; w = 1 / [σ2(F
o
2
 
+ (0.0199P)2 + 65.5456P], where P = (Fo2 +2Fc2)/3;  5 R1 = Σ ||Fo| - |Fc|| / Σ|Fo|; wR2 = {[Σ[w(Fo2-Fc2)
2
] / [Σw(Fo)2)2]}
1/2
; w 
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We were interested in the Li+-exchange product for its use as an electrode material.  
As mentioned above, ion-exchange with Li+ was preformed on single crystals for the ease 
in acquiring the structural information of the product by means of SXRD.  The direct ion 
exchange carried out under hydrothermal conditions in 1M LiNO3 solution for 12 hours 
only yielded partial Li+ substitution.  Repeated ion exchange caused the crystals to 
breakdown and become polycrystalline.  However, starting with polycrystalline solids did 
allow for a complete Li+-exchange to occur in as short as 12 hrs.  This most likely is 
attributed to the shortened diffusion lengths brought about from reduced particle sizes by 
1-2 orders of magnitude along the longest dimension.  The product used for battery 
testing gives comparable PXRD patterns as shown in Fig. 3.12.  There are a few 
additional peaks that could be attributed to either impurities or by a lowering of 
symmetry after the ion-exchange.  Results from ICPOES and EDX experiments conclude 
that the polycrystalline product was fully Li+-exchanged Fe(III) phosphate, 
Li9Fe7(PO4)10. 
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Figure 3.12 Comparison of the calculated single crystal solution of Cs5K4Fe7(PO4)10, 
(bottom), the stiochiometric polycrystalline sample (middle), and the Li+-exchanged 
sample (top).  The * signify non-matching peaks.  
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Electrochemical Testing 
The Li9Fe7(PO4)10 samples were initially tested as a cathode material, because of its 
similarities to the olivine-type electrode material LiFePO4.22  Unfortunately oxidation of 
the Fe(III) to Fe(IV) was not possible in the electrochemical window used (up to 4.8V). 
However, from the discharge capacity it can be seen that Li9Fe7(PO4)10 can be reduced 
and evaluated as an anode material.  In the voltage window 0.7–4.8 V (vs. Li) with a C-
rate of C/5, Li9Fe7(PO4)10 reveals a reversible cyclibility with an initial capacity of 
250mAh/g as shown in Fig. 3.13.  This capacity would be equivalent to about thirteen Li 
atoms/formula unit (Li9+xFe7(PO4)10, x = 13) during possibly the charge/discharge 
process of Fe2+ + 2 e → Fe0.  The initial discharge capacity of approximately 450 mAh/g, 
corresponds to x = 23 Li/formula unit, reflecting the complete reduction of the iron (21 e-
’s needed to reduce Fe(III), 2 for SEI (solid electrolyte interface) formation) and the 
probable formation of an Fe/Li3PO4 composite matrix around 0.9V vs. Li.  Figure 3.14 
shows the voltage as the function of the number of Li+ inserted per capacity.  On charge, 
oxidation of the iron to FeO (or alternatively a Li-Fe(II)-O material) occurs possibly via 
Fe + Li2O → FeO + 2 Li and subsequently the cell cycles as an Fe(II)-Fe(0) couple (the 
14 Li's, as shown in Fig. 3.14).  In addition, the cycling profile (Fig. 3.14 inset) indicates 
that this oxidation occurs around 1.8V.  On subsequent cycles the Fe(II) reduction occurs 
around 1.4V.  The higher reduction potential probably can be attributed to a combination 
of shorter diffusion lengths in the micron sized particles, proximity to Li3PO4 ionic 
conductors, and lower overall cell impedance. 
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Figure 3.13 also shows moderate capacity fading, which is dependant both on the 
particle size, diffusion distances, and on the ionic transport properties of the Fe/Li3PO4 
matrix.  The later is likely attributed to the early destruction of the crystalline Fe(III) 
phosphate during the initial reduction (discharge) process as well as subsequent cycling 
between Fe(0) and Fe(II).  This phenomenon was similarly reported by Strobel et al23 for 
the Fe(III) borate, Fe3BO6, which during the charging process the materials form a nano-
composite of finely divided metal in an M/LiMO matrix.  Therefore, we are planning to 
investigate if we can increase the life of the cell by controlling and optimizing these 
parameters in our samples, which is outside the scope of this dissertation research and 
will not be further discussed here.  It should be mentioned also that the direct synthesis of 
the Li9Fe7(PO4)10 phase was attempted however, could not be made.  This is because the 
Li+ cations are small in size, therefore, preferentially form close packed structures.  This 
emphasizes the need of performing Li+-ion exchange to create new open-framework Li+-
containing solids. 
The insertion of additional Li+ cations into the structure should have also been feasible 
due to the large channels.  Lithium has a small charge density compared with Cs+ and K+, 
therefore occupies less volume in the structure.  This should cause additional voids in the 
structure for additional Li+ cations to be inserted, however the electrochemical results 
showed that Li9Fe7(PO4)10 decomposes and can not be recycled upon discharge.  One 
thought that electrochemical insertion/deinsertion in charge/discharge cycle failed was 
because of the presence of water in the void space.  It is indeed that H2O was in the 
structure as evident by IR (Infrared, Fig. 3.15) spectroscopy.  It was seen that there were 
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two peaks (3575 cm-1 stretching for νO-H stretching and 1643 cm-1 for νH-O-H bending) 
signifying the presence of water.  TGA (Thermal Gravimetric Analysis) also showed 
weight loss due to the loss of water at relatively low temperatures (Fig 3.16).  In the TGA 
experiment, the sample was heated to ~650ºC, and it should be noted that, after which the 
PXRD was performed showing the structure was still intact.  The IR of the sample after 
annealing at 650 oC to find that the peaks due to H2O were gone (Fig 3.15).  From these 
findings, we conclude that the ion-exchanged sample is now called 
“Li9Fe7(PO4)10·3.12H2O” due to the presence of crystalline water in the voids and further 
battery testing should be done to see if the annealed sample, Li9Fe7(PO4)10, can survive in 
battery test with respect to electrochemical redox insertion/deinsertion due to the absence 
of the H2O molecules in the channels. 
Li+-insertion of Li9Fe7(PO4)10 via n-BuLi 
Now that it was seen that there were H2O molecules occupying the additional voids 
and they could be removed by annealing, an additional attempt to insert Li+ cations 
through ion exchange was performed.  The first attempt was to due consecutive Li+-
exchange/insertion using the 1M LiNO3 solution.  However, from PXRD and ICPOES 
results, it was seen that no additional Li+ went into the structure.   
It has been shown previously24 that by using n-butyl lithium, additional lithium could 
be inserted into an open-framework structure and cause a reduction of the transition 
metal.  Therefore, a further Li+-exchange was attempted using excess n-butyl lithium 
according to the following reaction: 
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2 Li9Fe7(PO4)10 + 14 C4H9Li → 2 Li16Fe7(PO4)10 +  7 C8H18 (eq. 3.1) 
 
The maroon-colored polycrystalline sample was soaked in 2.5M n-butyl lithium (n×  
excess by mole) for 1 day, then retrieved and washed with hexane.  After the reaction, the 
polycrystalline sample had changed colors to black signifying a reduction of the iron.  
The oxidation state of the reduced material was further investigated through UV-vis (Fig. 
3.17), which shows an additional peak starting at 3 eV from the d-d transition signifying 
the possible existence of Fe2+.  As described above, the sample absorbs H2O readily, 
therefore a TGA was run to determine if H2O was in the structure or would decompose at 
a low temperature.  As seen from the TGA results (Fig. 3.18), this material acts very 
similarly to the Li+-exchanged sample, Li9Fe7(PO4)10·3.12H2O, where all of the H2O 
vaporizes until 650ºC, Li16Fe7(PO4)10·2.42H2O.  The sample was then studied on IR to 
show that all of the O-H peaks were gone after annealing (Fig. 3.19).  ICPOES results of 
the annealed sample confirmed the concentration of lithium in the sample to match that of 
Li16Fe7(PO4)10, once again suggesting the presence of Fe2+ in the compound.  From these 
results, a further investigation of the electrochemical properties is underway. 
The theoretical capacity of Li16Fe7(PO4)10 is as high as 129.25 mAh/g because now the 
additional lithium is in the structure and the iron is in the reduced oxidation state.  This 
reduce Fe(II) phase enables the first step to be the charging of the cell, lithium coming 
out of the cathode and the oxidation of the iron while the framework is likely stays intact 
due to the sample is free of water, thus providing a space for the lithium in the structure.  
Then when the discharge occurs, the lithium will have more drive to go back into the 
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already designated holes.  This compound is also advantageous because it can allow 7 Li+ 
cations to come out of the structure and, due to the presence of 9 other Li+ cations in the 
structure, this should promote stability (no collapsing of the structure) during cycling.   
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Figure 3.13 Discharge and charge capacity curve of Li9Fe7(PO4)10.  Solid and 
dashed lines are drawn to guide the eye.  The inset shows the cycling profile of 
Li9Fe7(PO4)10 revealing that the discharge reaction occurs at 1.4V and the 
charge at 1.8V. 
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Figure 3.14 Discharge curve for the first cycle of Li9Fe7(PO4)10 showing the 
number of Li+ inserted per formula unit, and the amount of Li+ is recovered on 
charge to 4.8V. 
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Figure 3.15.  IR spectra of the ion-exchanged Li9Fe7(PO4)10·nH2O (top) and annealed 
sample Li9Fe7(PO4)10 (bottom) 
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Figure 3.16.  TGA plot of Li9Fe7(PO4)10 showing H2O vaporizing until 650ºC. 
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Figure 3.17.  Comparison of UV-vis spectra of Li9Fe7(PO4)10 (blue line) and 
Li16Fe7(PO4)10 (red line). 
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Figure 3.18. TGA plot of Li16Fe7(PO4)10 showing a similar behavior of the Fe3+ 
analogue with H2O vaporizing until 650ºC. 
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Figure 3.19.  IR comparison of the Li16Fe7(PO4)10 before annealing (top) and after 
annealing (bottom). 
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Synthesis and Characterization of Cs0.75K2.25Fe4(PO4)5 
Synthesis 
This compound was made as a byproduct of the reaction described above.  It only 
resulted in very small yields of similar looking amber crystals.  It was first made by 
employing molten-salt methods where the target composition was Cs5K4Fe7(PO4)10.  As 
mentioned in the previous section, a mixture of KO2 (0.08 mmol), Fe2O3 (0.07 mmol), 
and P4O10 (0.05 mmol) were used in a 0.25 g reaction with a eutectic flux of CsCl/KCl 
(m.p. = 621ºC) in a 3:1 charge to flux ratio by weight was used and ground in a nitrogen-
blanketed drybox.  The mixture was heated to 800°C at 1°C per minute, isothermed for 3 
days, followed by slow cooling to 500°C at 0.1°C per minute then furnaced cooled to 
room temperature.  The amber colored crystals were retrieved upon washing with 
deionized water.  A stiochiometric yield was attempted however, the desired phase can 
not be synthesized.  Instead a known isoelectronic structure is formed, Cs3Fe4(PO4)513.  
Therefore, only the structure of this compound could be studied so far. 
Characterization 
Single Crystal X-Ray Diffraction 
The single crystal solution was determined in the same manner as described above.  
The crystallographic data, atomic coordinates, anisotropic thermal parameters, and 
selected bond distances and angles for the Cs0.75K2.25Fe4(PO4)5 phase are summarized in 
Tables 3.15, 3.16, 3.17, and 3.18 respectively. 
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Table 3.15 Crystallographic Data for Cs0.75K2.25Fe4(PO4)5 
Chemical formula Cs0.75K2.25Fe4(PO4)5 
Crystal color, shape Amber, Column 
Crystal size (mm) 0.22 × 0.07 × 0.10 
Formula weight (g/mol) 885.89 
Space group P21212 (no. 18) 
a (Å) 10.433(2) 
b (Å) 9.233(2) 
c (Å) 9.392(2) 
V (Å3) 904.7(3) 
Z 2  
ρ(calc) (g/cm3) 3.253 
Linear abs. coeff. (mm-1) 9.262 
F000 756 
T (K) 293 
Reflections collected 7626 
Reflections unique 1594 
Rint/Rsigmaa 0.0269/0.0689 
Final R1/wR2/GOF (all data) 0.0270/0.0691 
Largest difference peak (e-/Å3) 0.641 
Largest difference hole (e-/Å3) -0.592 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 3.16 Atomic Coordinates and Equivalent Displacement Parameters                       
for Cs0.75K2.25Fe4(PO4)5. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Cs(1) 2b 0.25(5) 1/2 0 0.7004(5) 0.05(1) 
K(1) 2b 0.25(5) 1/2 0 0.7004(5) 0.05(1) 
Cs(2) 4c 0.25 0.529(1) 0.0625(9) 0.7084(3) 0.025(2) 
K(2) 4c 1.0 0.6800(1) 0.0614(1) 0.2202(1) 0.0155(5) 
Fe(1) 4c 1.0 0.93117(6) 0.20277(7) 0.96683(7) 0.0073(3) 
Fe(2) 4c 1.0 0.16975(6) 0.09448(7) 0.53462(7) 0.0062(3) 
P(1) 4c 1.0 0.2167(1) 0.1030(1) 0.8871(1) 0.0081(5) 
P(2) 4c 1.0 0.9155(1) 0.2493(1) 0.6145(1) 0.0117(6) 
P(3) 2a 1.0 0 0 0.2498(2) 0.0094(8) 
O(5) 4c 1.0 0.1149(3) 0.2038(4) 0.9508(4) 0.009(2) 
O(6) 4c 1.0 0.1097(3) 0.0591(4) 0.3416(4) 0.015(2) 
O(7) 4c 1.0 0.0525(3) 0.2532(4) 0.5534(4) 0.009(2) 
O(8) 4c 1.0 0.8383(3) 0.3661(4) 0.5370(4) 0.009(2) 
O(1) 4c 1.0 0.3449(3) 0.1274(3) 0.9655(4) 0.01(2) 
O(2) 4c 1.0 0.9430(3) 0.1215(4) 0.1580(4) 0.019(2) 
O(9) 4c 1.0 0.2349(3) 0.1369(4) 0.7298(3) 0.020(2) 
O(3) 4c 1.0 0.9223(3) 0.2899(4) 0.7718(3) 0.022(2) 
O(4) 4c 1.0 0.1804(4) 0.9451(4) 0.9089(4) 0.026(2) 
O(10) 4c 1.0 0.8548(5) 0.1011(4) 0.5898(4) 0.057(3) 
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Table 3.17 Anisotropic thermal parameters (U × 103) for Cs0.75K2.25Fe4(PO4)5. 
  U11 U22 U33 U23 U13 U12 
Cs(1) 52(9) 116(11) 14(1) 0 0 66(7) 
K(1) 52(9) 116(11) 14(1) 0 0 66(7) 
Cs(2) 25(2) 50(3) 15(1) 8(1) 7(1) 20(2) 
K(2) 16(1) 16(1) 22(1) 5(1) 0(1) -1(1) 
Fe(1) 7(1) 10(1) 4(1) 0(1) 1(1) -1(1) 
Fe(2) 6(1) 11(1) 5(1) 0(1) 1(1) -1(1) 
P(1) 8(1) 15(1) 4(1) 1(1) -1(1) -3(1) 
P(2) 12(1) 11(1) 4(1) -1(1) 0(1) 2(1) 
P(3) 9(1) 15(1) 2(1) 0 0 0(1) 
O(5) 9(2) 26(2) 19(2) 1(2) 2(1) 2(1) 
O(6) 14(2) 28(2) 10(2) -7(2) -5(1) -3(2) 
O(7) 9(2) 27(2) 17(2) 1(2) 3(1) 9(1) 
O(8) 9(2) 24(2) 9(2) 4(1) -1(1) 3(1) 
O(1) 10(2) 15(2) 9(2) -2(1) -2(1) 0(1) 
O(2) 19(2) 26(2) 12(2) 9(2) 1(2) 4(2) 
O(9) 20(2) 23(2) 4(2) 2(1) -1(1) -9(1) 
O(3) 22(2) 15(2) 5(2) 1(1) -1(1) 1(1) 
O(4) 26(2) 23(2) 16(2) 1(2) 1(2) -11(2) 
O(10) 57(3) 20(2) 17(2) -5(2) 6(2) -10(2) 
 
 
 
 
Table 3.18 Selected Bond Distances and Angles for Cs0.75K2.25Fe4(PO4)5.  
Fe(1)-O(5)#2 1.87(3) P(1)-O(5) 1.52(2) 
Fe(1)-O(2) 1.88(2) P(1)-O(4) 1.540(19) 
Fe(1)-O(1) 1.910(19) P(1)-O(2) 1.55(2) 
Fe(1)-O(4)#3 1.919(19) P(2)-O(7) 1.501(18) 
Fe(1)-O(3) 2.04(2) P(2)-O(3) 1.50(2) 
Fe(2)-O(10)#2 1.89(2) P(2)-O(10) 1.53(2) 
Fe(2)-O(6) 1.899(18) P(2)-O(6) 1.582(19) 
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Fe(2)-O(7)#4 1.92(2) P(3)-O(1)#2 1.547(16) 
Fe(2)-O(9)#5 1.94(2) P(3)-O(1) 1.547(16) 
Fe(2)-O(8) 2.04(2) P(3)-O(9)#2 1.563(19) 
P(1)-O(8) 1.51(2) P(3)-O(9) 1.563(18) 
O(5)#2-Fe(1)-O(1) 91.5(7) O(8)-P(1)-O(5) 110.9(13) 
O(2)-Fe(1)-O(1) 91.4(9) O(8)-P(1)-O(4) 107.0(11) 
O(5)#2-Fe(1)-
O(4)#3 113.8(8) O(5)-P(1)-O(4) 107.3(12) 
O(2)-Fe(1)-O(4)#3 118.9(9) O(8)-P(1)-O(2) 109.4(12) 
O(1)-Fe(1)-O(4)#3 91.9(8) O(5)-P(1)-O(2) 111.4(13) 
O(5)#2-Fe(1)-O(3) 88.9(8) O(4)-P(1)-O(2) 110.8(12) 
O(2)-Fe(1)-O(3) 88.7(8) O(7)-P(2)-O(3) 107.7(11) 
O(1)-Fe(1)-O(3) 179.4(8) O(7)-P(2)-O(10) 109.5(11) 
O(4)#3-Fe(1)-O(3) 87.5(8) O(3)-P(2)-O(10) 113.3(13) 
O(10)#2-Fe(2)-O(6) 128.3(8) O(7)-P(2)-O(6) 108.1(11) 
O(10)#2-Fe(2)-
O(7)#4 114.8(8) O(3)-P(2)-O(6) 107.8(12) 
O(6)-Fe(2)-O(7)#4 116.7(8) O(10)-P(2)-O(6) 110.4(11) 
O(10)#2-Fe(2)-
O(9)#5 93.0(8) O(1)#2-P(3)-O(1) 112.5(16) 
O(6)-Fe(2)-O(9)#5 91.5(8) O(1)#2-P(3)-O(9)#2 110.7(8) 
O(7)#4-Fe(2)-
O(9)#5 89.7(8) O(1)-P(3)-O(9)#2 105.9(9) 
O(10)#2-Fe(2)-O(8) 89.3(8) O(1)#2-P(3)-O(9) 105.9(9) 
O(6)-Fe(2)-O(8) 87.2(8) O(1)-P(3)-O(9) 110.7(8) 
O(7)#4-Fe(2)-O(8) 89.3(7) O(9)#2-P(3)-O(9) 111.2(17) 
O(9)#5-Fe(2)-O(8) 177.7(7)     
Symmetry transformation used to generate equivalent atoms: 
#1 -x+1,-y,z #2 -x+1,-y+1,z 
#3 -x+1/2,y-1/2,-z #4 -x+1/2,y+1/2,-z+1 
#5 x,y,z+1 #6 -x+1/2,y+1/2,-z 
#7 -x+1/2,y-1/2,-z+1 #8 x,y,z-1 
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Results and Discussion 
Synthesis and Structure 
Amber column crystals of Cs0.75K2.25Fe4(PO4)5 were isolated by traditional high-
temperature, solid-state methods employing an eutectic flux.  However, the attempt to 
synthesize the bulk powder in an open system from the stioichiometric reaction was not 
successful. 
As shown in Table 3.15, Cs0.75K2.25Fe4(PO4)5 crystallizes in the orthorhombic space 
group P21212 (no. 18) with the cell dimensions a = 10.433(2) Å, b = 9.233(2) Å, c = 
9.392(2) Å, and V = 904.7(3) Å3.  The X-ray single crystal structure reveals a three-
dimensional framework that consists of channels where the Cs+ and K+ reside (Fig. 3.20 
and 3.21).  The framework is made of alternating FeO5 trigonal bypyramidal and PO4 
tetrahedra which connect through bridging oxygen.  The channel consists of corner-
shared Fe(2)O5 and P(2)O4 which form an eight-membered ring (Fig. 3.21).  One can 
immediately notice that the Cs(1) and K(1), as well as Cs(2), sites are close in proximity 
(~1.04 Å and ~0.653 Å, respectively, Table 3.18), which is due to partially occupied Cs+ 
cations placed systematically.  There are two crystallographic Fe3+ sites which both are in 
the trigonal bypyramid geometries.  The average bond length for the Fe-O bond in this 
structure is 1.94(2) Å, which is in a good agreement with the Shannon crystal radii20 for 5 
coordinate Fe-O bonds (1.93 Å).  There are 3 crystallographic P5+ sites in the tetrahedral 
geometry.  The average bond distance for the P-O in this structure is 1.53(1) Å, which is 
also in a good agreement with the expect Shannon crystal radii of 1.52 Å.  Another 
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interesting feature of this structure is that the Fe sites form a concentric tetrahedral (Fig. 
3.22).  These concentric tetrahedra are formed by interconnecting two Fe(2) and two 
Fe(1) (both being ~4 Å apart) metal centers.  The Fe4 tetrahedra are connected through 
PO4 tetrahedra and are therefore isolated from one another. 
This compound is isoelectronic with the pure cesium phase, Cs3Fe4(PO4)5, however 
the structures are quite different.  Cs3Fe4(PO4)5 crystallizes in the orthorhombic space 
group Pccn (no. 56) with the cell dimensions a = 9.838(1) Å, b = 13.913(2) Å, c = 
14.076(4) Å, and V = 1926.7(6) Å3.  There are several similarities throughout the 
structure.  One is the X-ray single crystal structure which, reveals an open-framework 
that consists of channels where the Cs+ reside (Fig. 3.23).  The geometry of the iron and 
phosphorus are the same where the framework is made of isolated FeO5 trigonal 
bypyramidal corner-shared PO4 tetrahedra.  They both have a channel that consists of 
corner-shared FeO5 and PO4 which form an eight-membered ring (Fig. 3.24).  However, 
the major difference is the volume of the channel.  In Cs3Fe4(PO4)5, there are two cesium 
that forms the channel, however in Cs0.75K2.25Fe4(PO4)5, the channels opening is formed 
with three cations inside.  Therefore, Cs0.75K2.25Fe4(PO4)5 would be the more favorable 
structure for ion-exchange. 
Due to the significantly large channel, ion-exchange was attempted.  However, due to 
the very low yield of crystals and the similarity of appearance to the larger phase 
produced in the reaction, it was never confirmed that ion-exchange could occur within the 
structure.  Further attempts, such as different heating programs or different amounts of 
 113 
eutectic salt flux, should be further addressed to make a larger yield to study the 
feasibility of this structure for ion-exchange. 
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Figure 3.20.  Polyhedral, (PO4) and (FeO5), representations showing the projected 
view of the Cs0.75K2.25Fe4(PO4)5 structure along c.  The cations, K+ and Cs+, reside 
in the channels. 
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Figure 3.21.  Corner-sharing FeO5 and PO4 forming an eight-membered ring 
where the Cs+ and K+ reside. 
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Figure 3.22.  Concentric Fe4 tetrahedra interconnected by PO4 tetrahedra.  Only 
phosphate oxygens are shown for clarity. 
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Figure 3.23.  Polyhedral, (PO4) and (FeO5), representations showing the projected 
view of the Cs3Fe4(PO4)5 structure along a. 
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Figure 3.24.  Corner-sharing FeO5 and PO4 forming an eight-membered ring where 
the Cs+ reside. 
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Synthesis and Characterization of A2Fe3(XO4)3; A = K, Na; X = P, As 
Further attempts of structural diversity was to incorporate mixed-valence Fe2+/Fe3+ 
phosphates and arsenates.  This would hopefully promote flexibility within the Fe-O-P 
framework and allow for the iron to be easily oxidized and reduced.  In limited studies, 
three isostructural phases were isolated KNaFe3(PO4)3, Na2Fe3(PO4)3, and 
Na2Fe3(AsO4)3.  The synthesis and structure will be presented below. 
Synthesis 
Employing molten-salt methods, sizable crystals (in black color) of KNaFe3(PO4)3 
were grown in column morphologies in a fused silica ampoule under vacuum.  Na2O 
(0.04 mmol), Fe2O3 (0.01 mmol), FeO (0.04 mmol), and P4O10 (0.015 mmol) were used 
in a 0.25 g reaction with a eutectic flux of KCl/NaCl in a 3:1 charge to flux ratio by 
weight and ground in a nitrogen-blanketed drybox.  The mixture was heated to 900°C at 
1°C per minute, isothermed for 3 days, followed by slow cooling to 500°C at 0.1°C per 
minute then furnaced cooled to room temperature.  The black colored crystals were 
retrieved upon washing with deionized water.  Ca. 80% yield of KNaFe3(PO4)3 was 
obtained, with unknown polycrystalline impurity phases making up the other 20%.  The 
incorporation of K+ cations is likely due to the formation of “K2O” in situ via (Na2O + 
KCl → K2O + NaCl). 
The Na2Fe3(PO4)3 phase was made in a similar fashion but using a single salt.  
Employing molten-salt methods, sizable crystals (in black color) of Na2Fe3(PO4)3 were 
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grown in column morphologies in a fused silica ampoule under vacuum.  Na2O (0.04 
mmol), Fe2O3 (0.01 mmol), FeO (0.04 mmol), and P4O10 (0.015 mmol) were loaded in a 
0.25 g reaction with a three times weight flux of single salt NaCl.  The mixture was 
ground in a nitrogen-blanketed drybox.  It was heated using the same heating program.  
The black colored crystals were retrieved upon washing with deionized water.  Ca. 60% 
yield of Na2Fe3(PO4)3  was obtained, there were also ~10% green plate crystals which 
turned out to be the layered Na3Fe3(PO4)4 phase (discussed in Chapter 4) and the 
remaining 30% was unknown polycrystalline impurity phases. 
Based on academic interest, the arsenate analogue was also investigated to see how 
versitale and flexible the structure could become.  This phase was synthesized by 
employing molten-salt methods, sizable crystals (in black color) of Na2Fe3(AsO4)3 were 
grown in column morphologies in a fused silica ampoule under vacuum.  Na2O (0.04 
mmol), Fe2O3 (0.02 mmol), FeO (0.04 mmol), and As2O5 (0.03 mmol) were used in a 
0.25 g reaction with a eutectic flux of KCl/NaCl in a 3:1 charge to flux ratio by weight 
and ground in a nitrogen-blanketed drybox.  The same heating program was employed, 
and the black colored crystals were retrieved upon washing with deionized water.  Ca. 
90% yield of Na2Fe3(AsO4)3 was obtained, there were also ~5% green plate crystals 
which turned out to be the layered K3Fe3(AsO4)4 phase (discussed in Chapter 4) and the 
remaining 5% was unknown polycrystalline impurity phases. 
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Characterization 
Single Crystal X-Ray Diffraction 
All of the structures in this series are isostructure and have very similar bond lengths 
and angles.  The single crystal examination was done in the same manner as mentioned 
above.  The crystallographic data, atomic coordinates, anisotropic thermal parameters, 
and selected bond distances and angles for KNaFe3(PO4)3, Na2Fe3(PO4)3, and 
Na2Fe3(AsO4)3 are summarized in Tables 3.19 – 3.22, 3.23 – 3.26, 3.27 – 3.30, 
respectively. 
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Table 3.19 Crystallographic Data for KNaFe3(PO4)3 
Chemical formula KNaFe3(PO4)3 
Crystal color, shape Black, Column 
Crystal size (mm) 0.19 × 0.06 × 0.07 
Formula weight (g/mol) 514.55 
Space group C2/c (no. 15) 
a (Å) 12.089(2) 
b (Å) 12.482(3) 
c (Å) 6.425(1) 
β (°) 114.03(3) 
V (Å3) 885.5(3) 
Z 4 
ρ(calc) (g/cm3) 3.859 
Linear abs. coeff. (mm-1) 4.191 
F000 686 
T (K) 293(2) 
Reflections collected 3565 
Reflections unique 779 
Rint/Rsigmaa 0.078/0.2404 
Final R1/wR2/GOF (all data) 0.0801/0.2442/0.943 
Largest difference peak (e-/Å3) 1.871 
Largest difference hole (e-/Å3) -3.530 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 3.20 Atomic Coordinates and Equivalent Displacement Parameters                       
for KNaFe3(PO4)3. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Na 4e 1.0 1/2 0.4908(9) 1/4 0.020(4) 
K 4b 1.0 1.00000 1/2 0 0.032(2) 
P(1) 8f 1.0 0.7451(3) 0.3973(2) 0.1346(4) 0.013(2) 
P(2) 4e 1.0 1/2 0.2235(3) 1/4 0.008(2) 
Fe(1) 8f 1.0 0.72530(13) 0.65773(11) 0.1434(2) 0.008(1) 
Fe(2) 4e 1.0 1.00000 0.2663(4) 1/4 0.061(3) 
O(1) 8f 1.0 1.0519(7) 0.2054(6) -0.0377(12) 0.008(4) 
O(2) 8f 1.0 0.7342(7) 0.6733(6) -0.1739(12) 0.014(4) 
O(3) 8f 1.0 0.8770(8) 0.4164(8) 0.1855(17) 0.020(5) 
O(4) 8f 1.0 0.6793(8) 0.3383(6) -0.0943(13) 0.027(5) 
O(5) 8f 1.0 0.4047(8) 0.1486(6) 0.2734(14) 0.016(4) 
O(6) 8f 1.0 0.6775(8) 0.5036(6) 0.1189(13) 0.025(5) 
 
Table 3.21 Anisotropic thermal parameters (U × 103) for KNaFe3(PO4)3 
  U11 U22 U33 U23 U13 U12 
Na 20(4) 47(6) 37(5) 0 -5(4) 0 
K 32(2) 22(2) 21(2) 1(2) 6(2) 1(2) 
P(1) 13(2) 3(2) 5(1) -1(1) 4(1) -1(1) 
P(2) 8(2) 4(2) 4(2) 0 1(2) 0 
Fe(1) 8(1) 4(1) 5(1) 1(1) 2(1) -2(1) 
Fe(2) 61(3) 55(3) 60(3) 0 30(2) 0 
O(1) 8(4) 11(4) 3(4) 4(3) -2(3) -1(3) 
O(2) 14(4) 6(4) 4(3) -3(3) 2(3) -3(3) 
O(3) 20(5) 22(5) 31(5) -2(4) 13(4) -5(4) 
O(4) 27(5) 7(4) 4(4) -3(3) 4(4) -2(3) 
O(5) 16(4) 12(4) 10(4) 4(3) 2(3) -4(3) 
O(6) 25(5) 7(4) 10(4) 0(3) 8(3) 7(3) 
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Table 3.22 Selected bond distances and angles for KNaFe3(PO4)3 
P(1)-O(3) 1.510(10) Fe(1)-O(2) 2.094(8) 
P(1)-O(6) 1.540(8) Fe(1)-O(2)#17 2.156(8) 
P(1)-O(5) 1.545(8) Fe(2)-O(1)#7 2.310(8) 
P(1)-O(2)#2 1.562(8) Fe(2)-O(1) 2.310(8) 
P(2)-O(7)#3 1.538(8) Fe(2)-O(3)#7 2.321(11) 
Fe(1)-O(5)#2 1.979(9) Fe(2)-O(3) 2.321(10) 
Fe(1)-O(7)#12 1.985(9) Fe(2)-O(5)#4 2.374(9) 
Fe(1)-O(6) 1.997(8) Fe(2)-O(5)#18 2.374(9) 
Fe(1)-O(1)#16 2.029(8) O(7)#12-Fe(1)-O(2) 86.2(3) 
P(2)-O(1)#5 1.531(7) O(6)-Fe(1)-O(2) 98.1(3) 
P(2)-O(1)#4 1.531(7) O(1)#16-Fe(1)-O(2) 82.3(3) 
P(2)-O(7) 1.538(8) O(5)#2-Fe(1)-O(2)#17 91.7(3) 
O(3)-P(1)-O(6) 111.3(5) 
O(7)#12-Fe(1)-
O(2)#17 81.3(3) 
O(3)-P(1)-O(5) 111.7(5) O(6)-Fe(1)-O(2)#17 176.0(3) 
O(6)-P(1)-O(5) 107.1(5) 
O(1)#16-Fe(1)-
O(2)#17 84.7(3) 
O(3)-P(1)-O(2)#2 109.8(5) O(2)-Fe(1)-O(2)#17 84.1(3) 
O(6)-P(1)-O(2)#2 109.0(5) O(1)#7-Fe(2)-O(1) 141.6(5) 
O(5)-P(1)-O(2)#2 107.8(4) O(1)#7-Fe(2)-O(3)#7 119.1(3) 
O(1)#5-P(2)-O(1)#4 109.2(6) O(1)-Fe(2)-O(3)#7 92.6(3) 
O(1)#5-P(2)-O(7) 108.5(4) O(1)#7-Fe(2)-O(3) 92.6(3) 
O(1)#4-P(2)-O(7) 112.8(4) O(1)-Fe(2)-O(3) 119.1(3) 
O(1)#5-P(2)-O(7)#3 112.8(4) O(3)#7-Fe(2)-O(3) 72.4(5) 
O(1)#4-P(2)-O(7)#3 108.5(4) O(1)#7-Fe(2)-O(5)#4 70.0(3) 
O(7)-P(2)-O(7)#3 105.1(7) O(1)-Fe(2)-O(5)#4 88.9(3) 
O(5)#2-Fe(1)-O(7)#12 106.3(4) O(3)#7-Fe(2)-O(5)#4 158.0(3) 
O(5)#2-Fe(1)-O(6) 85.3(3) O(3)-Fe(2)-O(5)#4 87.7(3) 
O(7)#12-Fe(1)-O(6) 102.1(3) O(1)#7-Fe(2)-O(5)#18 88.9(3) 
O(5)#2-Fe(1)-O(1)#16 84.1(3) O(1)-Fe(2)-O(5)#18 70.0(3) 
O(7)#12-Fe(1)-O(1)#16 162.7(3) O(3)#7-Fe(2)-O(5)#18 87.7(3) 
O(6)-Fe(1)-O(1)#16 92.2(3) O(3)-Fe(2)-O(5)#18 158.0(3) 
O(5)#2-Fe(1)-O(2) 166.1(3) O(5)#4-Fe(2)-O(5)#18 113.2(4) 
Symmetry transformation used to generate equivalent atoms: 
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#1 -x+1,-y+1,-z #2 x,-y+1,z+1/2 
#3 -x+1,y,-z+1/2 #4 
-x+3/2,-
y+1/2,-z 
#5 
x-1/2,-
y+1/2,z+1/2 #6 
-x+1,-y+1,-
z+1 
#7 -x+2,y,-z+1/2 #8 x,-y+1,z-1/2 
#9 
x+1/2,-y+1/2,z-
1/2 #10 
-
x+3/2,y+1/2,-
z+1/2 
#11 -x+2,-y+1,-z #12 x+1/2,y+1/2,z 
#13 -x+2,y,-z-1/2 #14 x-1/2,y-1/2,z 
#15 
-x+3/2,y-1/2,-
z+1/2 #16 x-1/2,y+1/2,z 
#17 
-x+3/2,-y+3/2,-
z #18 
x+1/2,-
y+1/2,z+1/2 
#19 x+1/2,y-1/2     
 
Table 3.23 Crystallographic Data for Na2Fe3(PO4)3 
Chemical formula Na2Fe3(PO4)3 
Crystal color, shape Black, Column 
Crystal size (mm) 0.21 × 0.11 × 0.05 
Formula weight (g/mol) 498.43 
Space group C2/c (no. 15) 
a (Å) 12.068(4) 
b (Å) 12.486(4) 
c (Å) 6.414(1) 
β (°) 113.98(3) 
V (Å3) 883.1(4) 
Z 4 
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ρ(calc) (g/cm3) 3.576 
Linear abs. coeff. (mm-1) 5.529 
F000 920 
T (K) 293(2) 
Reflections collected 3328 
Reflections unique 769 
Rint/Rsigmaa 0.0336/0.1082 
Final R1/wR2/GOF(all data) 0.1087/0.3943/2.135 
Largest difference peak (e-/Å3) 8.031 
Largest difference hole (e-/Å3) -4.460 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 3.24 Atomic Coordinates and Equivalent Displacement Parameters for 
Na2Fe3(PO4)3. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Na(1) 4e 1.0 1/2 0.495(1) 1/4 0.042(6) 
Na(2) 4b 1.0 0 1/2 0 0.033(3) 
P(1) 8f 1.0 0.7453(2) 0.3973(2) 0.1347(4) 0.008(2) 
P(2) 4e 1.0 1/2 0.2230(3) 1/4 0.008(2) 
Fe(1) 8f 1.0 0.7238(1) 0.6568(1) 0.1409(2) 0.007(2) 
Fe(2) 4e 1.0 0 0.2655(4) 1/4 0.056(3) 
O(1) 8f 1.0 0.0525(7) 0.2065(7) 0.961(1) 0.005(4) 
O(2) 8f 1.0 0.7341(8) 0.6748(6) 0.827(1) 0.022(5) 
O(3) 8f 1.0 0.8790(8) 0.4132(8) 0.188(2) 0.008(4) 
O(4) 8f 1.0 0.6797(8) 0.3382(6) 0.906(1) 0.021(5) 
O(5) 8f 1.0 0.4052(8) 0.1472(6) 0.274(1) 0.017(5) 
O(6) 8f 1.0 0.6789(8) 0.5033(6) 0.118(1) 0.023(5) 
 
 
 
Table 3.25 Anisotropic thermal parameters (U × 103) for Na2Fe3(PO4)3. 
  U11 U22 U33 U23 U13 U12 
Na(1) 42(6) 57(7) 10(1) 0 13(7) 0 
Na(2) 33(3) 47(3) 98(3) 1(2) 9(2) 1(2) 
P(1) 8(2) 7(2) 5(2) 0(1) 2(1) 1(1) 
P(2) 8(2) 9(3) 4(2) 0 1(2) 0 
Fe(1) 7(2) 9(2) 4(2) 1(1) 1(1) 1(1) 
Fe(2) 56(3) 56(3) 49(3) 0 21(2) 0 
O(1) 5(4) 17(4) 2(4) 3(3) 7(3) 0(3) 
O(2) 22(5) 10(3) 3(4) 5(3) 7(3) 6(3) 
O(3) 8(4) 30(5) 28(5) 6(3) 2(4) 10(3) 
O(4) 21(5) 6(4) 6(4) -2(2) 2(4) 5(3) 
O(5) 17(5) 12(4) 16(5) 6(3) 8(4) -2(3) 
O(6) 23(5) 9(4) 7(4) 4(2) 7(3) 6(3) 
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Table 3.26 Selected bond distances and angles for Na2Fe3(PO4)3. 
P(1)-O(3) 1.520(9) Fe(1)-O(5)#5 2.005(9) 
P(1)-O(6) 1.527(8) Fe(1)-O(1)#6 2.012(8) 
P(1)-O(4) 1.543(8) Fe(1)-O(2) 2.080(8) 
P(1)-O(2)#1 1.576(8) Fe(1)-O(2)#7 2.153(8) 
P(2)-O(1)#2 1.522(7) Fe(2)-O(1) 2.307(8) 
P(2)-O(1)#3 1.522(7) Fe(2)-O(1)#8 2.307(8) 
P(2)-O(5) 1.538(8) Fe(2)-O(3)#8 2.284(11) 
P(2)-O(5)#4 1.538(8) Fe(2)-O(3) 2.284(11) 
Fe(1)-O(4)#1 1.978(10) Fe(2)-O(4)#3 2.370(9) 
Fe(1)-O(6) 1.981(8) Fe(2)-O(4)#9 2.370(9) 
O(3)-P(1)-O(6) 112.4(5) O(1)#6-Fe(1)-O(2) 82.2(3) 
O(3)-P(1)-O(4) 111.4(5) O(4)#1-Fe(1)-O(2)#7 91.3(3) 
O(6)-P(1)-O(4) 107.2(5) O(6)-Fe(1)-O(2)#7 177.1(4) 
O(3)-P(1)-O(2)#1 108.5(5) O(5)#5-Fe(1)-O(2)#7 81.0(3) 
O(6)-P(1)-O(2)#1 110.0(5) O(1)#6-Fe(1)-O(2)#7 84.3(4) 
O(4)-P(1)-O(2)#1 107.2(5) O(2)-Fe(1)-O(2)#7 83.3(3) 
O(1)#2-P(2)-O(1)#3 109.4(6) O(1)-Fe(2)-O(1)#8 142.8(5) 
O(1)#2-P(2)-O(5) 109.0(5) O(1)-Fe(2)-O(3)#8 91.8(3) 
O(1)#3-P(2)-O(5) 112.7(4) O(1)#8-Fe(2)-O(3)#8 118.9(3) 
O(1)#2-P(2)-O(5)#4 112.7(4) O(1)-Fe(2)-O(3) 118.9(3) 
O(1)#3-P(2)-O(5)#4 109.0(5) O(1)#8-Fe(2)-O(3) 91.8(3) 
O(5)-P(2)-O(5)#4 104.1(7) O(3)#8-Fe(2)-O(3) 72.4(4) 
O(4)#1-Fe(1)-O(6) 86.2(3) O(1)-Fe(2)-O(4)#3 89.4(3) 
O(4)#1-Fe(1)-
O(5)#5 105.4(3) O(1)#8-Fe(2)-O(4)#3 70.2(3) 
O(6)-Fe(1)-O(5)#5 101.1(3) O(3)#8-Fe(2)-O(4)#3 157.7(3) 
O(4)#1-Fe(1)-
O(1)#6 84.8(3) O(3)-Fe(2)-O(4)#3 87.5(3) 
O(6)-Fe(1)-O(1)#6 94.0(4) O(1)-Fe(2)-O(4)#9 70.2(3) 
O(5)#5-Fe(1)-
O(1)#6 162.2(3) O(1)#8-Fe(2)-O(4)#9 89.4(3) 
O(4)#1-Fe(1)-O(2) 166.4(3) O(3)#8-Fe(2)-O(4)#9 87.5(3) 
O(6)-Fe(1)-O(2) 98.9(3) O(3)-Fe(2)-O(4)#9 157.7(3) 
O(5)#5-Fe(1)-O(2) 86.1(3) O(4)#3-Fe(2)-O(4)#9 113.8(4) 
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Symmetry transformation used to generate equivalent atoms: 
#1 x,-y+1,z+1/2 #2 
x-1/2,-
y+1/2,z+1/2 
#3 
-x+3/2,-y+1/2,-
z #4 -x+1,y,-z+1/2 
#5 x+1/2,y+1/2,z #6 x-1/2,y+1/2,z 
#7 
-x+3/2,-y+3/2,-
z #8 -x+2,y,-z+1/2 
#9 
x+1/2,-
y+1/2,z+1/2 #10 
-x+3/2,y-1/2,-
z+1/2 
#11 x+1/2,y-1/2,z #12 x,-y+1,z-1/2 
#13 x-1/2,y-1/2,z     
 
 
 
 
Table 3.27 Crystallographic Data for Na2Fe3(AsO4)3 
Chemical formula Na2Fe3(AsO4)3 
Crystal color, shape Black, Column 
Crystal size (mm) 0.22 × 0.11 × 0.09 
Formula weight (g/mol) 630.27 
Space group C2/c (no. 15) 
a (Å) 12.056(2) 
b (Å) 12.824(3) 
c (Å) 6.630(1) 
β (°) 112.91(3) 
V (Å3) 944.2(3) 
Z 4 
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ρ(calc) (g/cm3) 4.434 
Linear abs. coeff. (mm-1) 29.483 
F000 2338 
T (K) 293(2) 
Reflections collected 3939 
Reflections unique 833 
Rint/Rsigmaa 0.0353/0.0367 
Final R1/wR2/GOF(all data) 0.0382/0.1098/1.136 
Largest difference peak (e-/Å3) 1.195 
Largest difference hole (e-/Å3) -1.984 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
 
Table 3.28 Atomic Coordinates and Equivalent Displacement Parameters for 
Na2Fe3(AsO4)3. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Na(1) 4e 1.0 0 0.007(1) 1/4 0.064(7) 
Na(2) 4b 1.0 1/2 0 0 0.023(2) 
Fe(1) 8f 1.0 0.71641(9) 0.34627(8) 0.1268(2) 0.0070(6) 
Fe(2) 4e 1.0 1/2 0.2345(1) 1/4 0.0160(9) 
As(1) 8f 1.0 0.23910(6) 0.10986(6) 0.1265(1) 0.0083(5) 
As(2) 4e 1.0 1/2 0.21490(8) 1/4 0.0055(6) 
O(1) 8f 1.0 0.2196(5) 0.1839(4) 0.3239(8) 0.016(3) 
O(2) 8f 1.0 0.1751(5) 0.9930(4) 0.114(1) 0.018(3) 
O(3) 8f 1.0 0.3920(5) 0.1310(4) 0.7485(9) 0.010(3) 
O(4) 8f 1.0 0.3859(5) 0.1005(4) 0.1898(9) 0.009(3) 
O(5) 8f 1.0 0.1664(5) 0.1702(4) 0.8918(8) 0.016(3) 
O(6) 8f 1.0 0.5440(5) 0.2878(4) 0.9784(8) 0.010(3) 
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Table 3.29 Anisotropic thermal parameters (U × 103) for Na2Fe3(AsO4)3. 
  U11 U22 U33 U23 U13 U12 
Na(1) 64(7) 155(13) 110(11) 0 12(7) 0 
Na(2) 23(2) 14(2) 13(2) 1(2) -1(2) 1(2) 
Fe(1) 7(1) 10(1) 5(1) -2(1) 4(1) -1(1) 
Fe(2) 16(1) 19(1) 16(1) 0 9(1) 0 
As(1) 8(1) 8(1) 5(1) 0(1) 4(1) 1(1) 
As(2) 6(1) 9(1) 4(1) 0 2(1) 0 
O(1) 16(3) 10(3) 8(2) 1(2) 8(2) 1(2) 
O(3) 18(3) 11(3) 18(3) 1(2) 9(3) -3(2) 
O(2) 10(3) 8(2) 14(3) 4(2) 4(2) 0(2) 
O(4) 9(3) 15(3) 15(3) 1(2) 5(2) 0(2) 
O(5) 16(3) 13(3) 5(2) 3(2) 5(2) 4(2) 
O(6) 10(3) 15(3) 7(2) -1(2) 5(2) 1(2) 
 
Table 3.30 Selected bond distances and angles for Na2Fe3(AsO4)3. 
Fe(2)-O(4) 2.139(5) Fe(1)-O(6) 2.064(6) 
Fe(2)-O(4)#7 2.139(5) Fe(1)-O(1)#7 2.201(6) 
Fe(2)-O(6)#7 2.176(5) As(1)-O(4) 1.657(5) 
Fe(2)-O(6) 2.176(5) As(1)-O(3) 1.674(6) 
Fe(2)-O(5)#11 2.218(5) As(1)-O(5) 1.700(5) 
Fe(2)-O(5)#5 2.218(5) As(1)-O(1) 1.705(5) 
Fe(1)-O(3)#12 1.940(6) As(2)-O(6) 1.680(5) 
Fe(1)-O(2)#11 1.971(5) As(2)-O(6)#10 1.680(5) 
Fe(1)-O(5)#11 2.015(5) As(2)-O(2) 1.686(5) 
Fe(1)-O(1)#13 2.060(5) As(2)-O(2)#10 1.686(5) 
O(4)-Fe(2)-O(4)#7 73.1(3) O(3)#12-Fe(1)-O(6) 97.9(2) 
O(4)-Fe(2)-O(6)#7 93.5(2) O(2)#11-Fe(1)-O(6) 166.1(2) 
O(4)#7-Fe(2)-O(6)#7 116.4(2) O(5)#11-Fe(1)-O(6) 77.7(2) 
O(4)-Fe(2)-O(6) 116.4(2) O(1)#13-Fe(1)-O(6) 82.2(2) 
O(4)#7-Fe(2)-O(6) 93.5(2) O(3)#12-Fe(1)-O(1)#7 173.5(2) 
O(6)#7-Fe(2)-O(6) 143.4(3) O(2)#11-Fe(1)-O(1)#7 79.7(2) 
O(4)-Fe(2)-O(5)#11 159.0(2) O(5)#11-Fe(1)-O(1)#7 88.7(2) 
O(4)#7-Fe(2)- 87.2(2) O(1)#13-Fe(1)-O(1)#7 80.1(2) 
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O(5)#11 
O(6)#7-Fe(2)-
O(5)#11 88.57(19) O(6)-Fe(1)-O(1)#7 87.5(2) 
O(6)-Fe(2)-O(5)#11 71.25(19) O(4)-As(1)-O(3) 112.0(3) 
O(4)-Fe(2)-O(5)#5 87.2(2) O(4)-As(1)-O(5) 112.2(3) 
O(4)#7-Fe(2)-O(5)#5 159.0(2) O(3)-As(1)-O(5) 107.7(3) 
O(6)#7-Fe(2)-O(5)#5 71.25(19) O(4)-As(1)-O(1) 107.4(3) 
O(6)-Fe(2)-O(5)#5 88.57(19) O(3)-As(1)-O(1) 109.7(3) 
O(5)#11-Fe(2)-
O(5)#5 113.1(3) O(5)-As(1)-O(1) 107.8(3) 
O(3)#12-Fe(1)-
O(2)#11 95.2(2) O(6)-As(2)-O(6)#10 112.4(4) 
O(3)#12-Fe(1)-
O(5)#11 88.9(2) O(6)-As(2)-O(2) 109.4(3) 
O(2)#11-Fe(1)-
O(5)#11 107.2(2) O(6)#10-As(2)-O(2) 112.2(3) 
O(3)#12-Fe(1)-
O(1)#13 104.0(2) O(6)-As(2)-O(2)#10 112.2(3) 
O(2)#11-Fe(1)-
O(1)#13 90.1(2) O(6)#10-As(2)-O(2)#10 109.4(3) 
O(5)#11-Fe(1)-
O(1)#13 157.5(2) O(2)-As(2)-O(2)#10 100.7(4) 
Symmetry transformation used to generate equivalent atoms: 
#1 x,-y,z+1/2 #2 -x,-y,-z 
#3 -x,y,-z+1/2 #4 
x-1/2,-
y+1/2,z+1/2 
#5 -x+1/2,-y+1/2,-z #6 -x,-y,-z+1 
#7 -x+1,y,-z+1/2 #8 x,-y,z-1/2 
#9 -x+1,-y,-z #10 -x+1,y,-z-1/2 
#11 
x+1/2,-
y+1/2,z+1/2 #12 x+1/2,y+1/2,z 
#13 
x+1/2,-y+1/2,z-
1/2 #14 x-1/2,y-1/2,z 
#15 
x-1/2,-y+1/2,z-
1/2     
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Powder X-Ray Diffraction 
In order to further confirm the structure solution, a stiochiometric yield of 
A2Fe3(XO4)3 is synthesized.  The X-ray powder diffraction data was collected on a 
Scintag XDS 2000 diffractometer with Cu Kα radiation in the 2θ range 2-65° at a step 
size of 0.03° at room temperature.  The powder X-ray diffraction (PXRD) pattern was 
refined using the General Structure Analysis System (GSAS)16 program for cell 
parameters. 
Magnetic Susceptibility Measurement 
The magnetic susceptibility is used to prove all the Fe sites adopted the apropriate 
oxidation state.  A Quantum Design SQUID MPMS-5S magnetometer was employed to 
measure the magnetic susceptibility of KNaFe3(PO4)3.  The data of the magnetic moment 
were collected from 2 to 300 K in the applied field of H = 0.5T.  Selected crystals were 
ground and placed in a gel capsule sample holder for the measurements.  The magnetic 
susceptibility was corrected for the gel capsule and core diamagnetism with the Pascal’s 
constant.18 
Results and Discussion 
Synthesis and Structure 
A2Fe3(XO4)3 was isolated by traditional high-temperature, solid-state methods 
employing an eutectic flux.  The as-prepared crystals are black columns.  This compound 
could be prepared with a high yield of crystals.  The attempt to synthesize the bulk 
 134 
powder in an open system from the stioichiometric reaction was unsuccessful for all 
compounds in this series. 
For the structure description of this series, KNaFe3(PO4)3 will be used for generality.  
KNaFe3(PO4)3, as summarized in Table 3.19, crystallizes in the monoclinic space group 
C2/c (no. 15) with the cell dimensions a = 12.089(2) Å, b = 12.482(3) Å, c = 6.425(1) Å, 
β = 114.03(3)º, and V = 885.5(3) Å3.  The X-ray single crystal structure reveals a three-
dimensional framework that consists of a channel down the c-axis where the cations K+ 
and Na+ reside (Fig. 3.25).  The framework is made of FeO6 octahedra (average bond 
length for Fe 3+ = 2.04(9) Å; Fe2+ = 2.33(3) Å) and PO4 tetrahedra (average bond length = 
1.54(2) Å) which connect through bridging oxygens to form the channels for the alkali 
cations.  The FeO6 are distorted octahedra that are edge-shared to form the chains (Fig. 
3.26).  The angle between Fe sites with in the chain are approximately 100º, which could 
lead to interesting magnetic exchange.  The chains of FeO6 are connected through the 
PO4 groups to create the channels.  There are two different channels formed down the c-
axis, one being larger than the other (Fig. 3.27).  The smaller channel is formed by 
alternating FeO6 and PO4 polyhedra to form a 6-membered ring.  In the center of this 
smaller 6-membered ring is where the Na+ resides.  The larger channel is formed by 
alternating FeO6 dimers and PO4 polyhedra to form a 6-membered ring.  The K+ cation 
resides in the center of this larger ring.  From the bond distances, the Na-O ~ 2.52 Å and 
the K-O ~ 2.75 Å, these are within the sum of Shannon crystal radii (Na = 1.32 Å, K = 
1.52 Å, O = 1.21 Å.20  Therefore, it can be seen that the larger cation allows for a larger 
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channel to be formed due to the longer A-O distances and hence could increase the 
likelihood of cation exchange. 
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Figure 3.25.  Ball and stick drawing for the framework of KNaFe3(PO4)3 projected 
onto the (001) plane showing the channel structure. 
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Figure 3.26.  Edge-shared FeO6 distorted octahedral forming a chain running along 
the ac-diagonal. 
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Figure 3.27.  The two different sized channels templated by the alkali metals, where 
the size of the cations determines the size of the channel. 
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Ion Exchange 
Owing to the different sizes of the cations, the ion-exchange characteristics were 
investigated.  It is assumed that the longer A-O distances would benefit for a more 
complete ion-exchange, i.e., if any ions were not exchanged, it would most likely be a 
smaller cation, Na+ in this case.  Ion-exchange reactions under mild hydrothermal 
conditions were carried out on single crystals (ca. 30 mg) of KNaFe3(PO4)3 that were 
immersed in 10 mL of 1M LiNO3 solution and heated in a Teflon-lined hydrothermal 
bomb at 200°C for 12 hr.  The single crystal X-ray diffraction data (Table 3.31) shows 
that the Li+ gets exchanged for the entire K+ site however only a partial exchange for the 
Na+ site.  This provides proof that the longer/weaker the A-O bond, the more 
facile/complete the ion-exchange can occur.  This also shows how the larger the channel, 
owing to the larger cation, the more ion diffusion can occur.  The average Li-O bond 
distance (2.44 Å) is longer the expected in the Shannon crystal radii (2.11 Å), thus 
providing ease for the Li+ cation to cycle within the structure.  However, one potential 
problem that was found for the structure solution is that the Fe-O distance is becoming 
shorter (2.19 vs. 2.11).  The reduction of the Fe-O bond is caused by the lower 
electropositive property of the Li+ over that of the Na+ and K+, thus the oxygen will move 
closer to the more electropositive cation iron.  This strengthens the covalency of the Fe-O 
bond and inevitably will lower the redox couple of the Fe3+/Fe2+.  Consecutive Li+-
exchange was attempted to fully exchange all of the cations, however after the second 
ion-exchange the crystallinity of the crystals was destroyed.  Nevertheless, the ion 
exchange shows to be abundant within the structure, thus battery testing is warranted.  
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However, a large amount of sample is needed (<1g), and without the capability of a 
stiochiometric reaction, the purity and quantity desired for testing of the sample has not 
yet been reached 
 
Magnetic Susceptibility 
As discussed earlier, this structure has an attractive metal-oxide connectivity that 
could give rise to interesting magnetic coupling.  The structure contains edge-shared 
FeOn polyhedra which form a chain with close Fe-Fe distances (~3.25 Å) due to the close 
to orthogonal angle (~100º).  This close to 90º angle should disfavor super-exchange 
interaction between the Fe sites but will allow for coupling directly between Fe sites, 
which will allow for ferromagnetic coupling.  The temperature-dependent magnetic 
measurements of KNaFe3(PO4)3 reveal a ferromagnetic transition around 48K (Fig. 3.28).  
The Curie-Weiss fit using χ = C/(T-θ) in the 200 – 300K region results in a negative 
Weiss constant, θ = -66(1)º, hence suggesting that the overall high temperature spin 
exchange interactions are dominated by antiferromagnectic (AFM) interactions.  From 
the high-temperature susceptibility values, the effective magnetic moment is estimated to 
be µeff = 10.2(9) µB.  This values is not comparable with the expected µcalc.  Further 
investigations of the couplings using a field sweep of the compound need to be done to 
seek the origins for the higher µeff value. 
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Table 3.31 Crystallographic Data for Na0.87Li1.13Fe3(PO4)3 
Chemical formula Na0.87Li1.13Fe3(PO4)3 
Crystal color, shape Brown, Column 
Crystal size (mm) 0.19 × 0.06 × 0.07 
Formula weight (g/mol) 480.30 
Space group C2/c (no. 15) 
a (Å) 11.834(2) 
b (Å) 12.371(3) 
c (Å) 6.351(1) 
β (°) 114.43(3) 
V (Å3) 846.6(3) 
Z 4 
ρ(calc) (g/cm3) 3.768 
Linear abs. coeff. (mm-1) 2.884 
F000 466 
T (K) 293(2) 
Reflections collected 3333 
Reflections unique 748 
Rint/Rsigmaa 0.1178/0.3471 
Final R1/wR2/goodness of fit (all data) 0.1237/0.3642/1.784 
Largest difference peak (e-/Å3) 5.251 
Largest difference hole (e-/Å3) -4.297 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Figure 3.28.  The magnetic susceptibility of KNaFe3(PO4)3 showing a ferromagnetic 
transition at ~48K.  The red circles represent χ and the black squares represent χ-1.  
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Conclusions 
In summary, three new families of iron-containing phosphates and one structurally 
related arsenate, (Cs9-xKx)Fe7(PO4)10, Cs0.75K2.25Fe4(PO4)5 and A2Fe3(XO4)3 (A/X = 
K0.5Na0.5/P, Na/P, Na/As), were isolated showing channel structures pertinent for Li-ion 
transport.  The approach of using molten salt has enabled the crystal growth of many new 
open-framework compounds.  The uniqueness of this dissertation study has been the 
synthesis of mixed-framework solids with sizable openings that are “templated” by the 
large-size alkali metal cations.  This ensures ease for ion-exchange due to the weakened 
A-O bonding and the large channels.  The structural varieties, such as multi-directional 
channels, have also been studied to find the best conditions for Li+-exchange.  
The (Cs9-xKx)Fe7(PO4)10 series exhibits a structure that consists of channels that 
intersect in 2 dimensions.  It has also been seen that the large channels, created by the Cs+ 
and K+ cations, and the interconnecting channels allow for increased ion exchange of the 
structure; allowing all of the alkali metals to be exchanged into the channels.  Then, using 
n-butyl lithium, the insertion of 7 additional Li+ cations is allowed with a simultaneous 
reduction of Fe3+ to Fe2+.  This is the first example of combined approaches, templated 
synthesis and ion-exchange, to synthesize new Li-containing mixed-framework solids for 
potential applications as cathode materials. 
It was also thought that the Fe-O-Fe corner-sharing would lower the Madelung energy, 
thus increase the open circuit voltage of the Li-exchanged product.  Compounds in this 
study, such as CsK8Fe9(PO4)11 and KFe3(AsO4)4, show the feature that could be used for 
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further structure and property correlation studies necessary for the ultimate discovery of 
next generation cathode materials for lithium-ion battery device applications. 
The Cs0.75K2.25Fe4(PO4)5 phase also exhibits a channeled structure.  This structure has 
very large channels where the Cs+ and K+ reside.  However, the appropriate conditions to 
synthesis a large quantity of crystals was not found.  Therefore, the ion-exchange of this 
compound could not be studied.  An investigation of trying different heating programs 
and varying the weight percent of salt should be done to make a stiochiometric yield of 
this phase for battery testing. 
The A2Fe3(XO4)3 series also exhibits a channeled structure, however only along one 
dimension.  The metal framework consists of edge-sharing FeO6 distorted octahedral 
forming an infinite chain down the ac body diagonal.  Due to the edge-sharing of the 
FeO6, it is expected that the Fe3+/Fe2+ redox couple will give an increased open circuit 
voltage due to the lowering of the Madelung energy.7d  A2Fe3(XO4)3 should be 
investigated to try to synthesis the stiochiometric yield, therefore enabling the 
electrochemical tests to be performed. 
It has also been noted that the Li+-exchange prefers larger sites, therefore the use of 
larger cations is essential for facile Li+ ion diffusion throughout the structure.  This is 
demonstrated by both (Cs9-xKx)Fe7(PO4)10 and A2Fe3(XO4)3, where the larger of the two 
cations give a more complete exchange.  This is due to the weaker A-O bonding which is 
explained by the Kapustinski equation25, where in short the lattice energy is inversely 
proportional to the size of the atom; the larger the A-site cation, the longer the A-O 
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distance, the smaller the lattice energy.  Therefore, allowing for ease of lithium cations to 
push their way into the structure.  
In the case of a battery testing of the Li+-exchanged sample, Li9Fe7(PO4)10, it is 
demonstrated to be a comparable anode electrode for rechargeable lithium batteries 
giving a capacity of 250 mAh/g.  In recent efforts, it has been shown that the 
Li9Fe7(PO4)10 can be reduced by soaking the polycrystalline sample in n-butyl lithium for 
24 hours.  The polycrystalline sample turns from a maroon color, as the Fe3+ phase, into a 
black powder, the Fe2+ phase, after the reaction is done.  The oxidation state of the 
reduced material has been further investigated through UV-vis, which shows an 
additional peak from the d-d transition signifying Fe2+.  The sample needed to be 
annealed at 650ºC to get rid of any water that was in the structure.  If the water was not 
removed it could possibly hinder the cyclibility of the lithium cations.  ICPOES, showing 
a concentration of lithium in the sample to have a chemical formula of Li16Fe7(PO4)10 
after annealing, once again signifying an Fe2+ compound.  From these results, a further 
investigation of the electrochemical properties is underway.  This material should now be 
capable of acting as a cathode material and have a large capacity due to the large number 
of lithium in the structure. 
 
 
 
 
 
 146 
LITERATURE CITED 
1. Whittingham, M. S.; Savinell, R. F.; Zawodzinski, T. Chem. Rev. 2004, 104, 
4243-4244 
 
2. Whittingham, M. S. Chem. Rev. 2004, 104, 4271-4301 and references cited 
therein. 
 
3. Nanjundaswamy, K. S.; Padhi, A. K.; Goodenough, J. B.; Okada, S.; Ohtsuka, H.; 
Arai, H.; Yamaki, J. Solid State Ionics 1996, 92, 1-10. 
 
4. Padhi, A. K.; Nanjundaswamy, K. S.; Masquelier, C.; Goodenough, J. B. J. 
Electrochem. Soc. 1997, 144, 2581-2586 
 
5. Durif, A. Crystal Chemistry of Condensed Phosphates; Plenum Press: New York, 
1995. 
 
6. (a) Salaha, A. A.; Jozwiakb, P.; Garbarczykb, J.; Benkhoujac, K.; Zaghibd, K.; 
Gendrona, F.; Juliena, C. M. J. Power Sources 2005, 140, 370-375. 
(b) Tucker, M. C.; Doeff, M. M.; Richardson, T. J.; Fin˜ones, R.; Cairns, E. J.; 
Reimer, J. A. J. Am. Chem. Soc. 2002, 124, 3832-3833. 
 
7. (a) Wurm, C.; Morcrette, M.; Rousse, G.; Dupont, L.; Masquelier, C. Chem. 
Mater. 2002, 14, 2701-2710. 
(b) Uebou, Y.; Okada, S.; Egashira, M.; Yamaki, J.-I. Solid State Ionics 2002, 
148, 323-328. 
(c) Masquelier, C.; Padhi, A. K.; Nanjundaswany, K. S.; Goodenough, J. B. J. 
Solid State Chem. 1998, 135, 228-234. 
(d) Padhi, A. K.; Nanjunclaswamy, K. S.; Masquelier, C.; Okada, S.; 
Goodenough, J. B. J. Electrochem. Soc. 1997, 144, 1609-1613.  
 
8. (a) Manthiram, A.; Goodenough, J. B. J. Solid State Chem. 1987, 71, 349-360. 
(b) Okada, S.; Nanjundaswamy, K. S.; Manthiram, A.; Goodenough, J. B. 
Presented at the 36th Power Sources Conference, Cherry Hill, NJ, June 6-9, 1994. 
 
9. Greenblatt, M.; Wang, E. Chem. Mater. 1991, 3, 542-546. 
 
10. Edström, K.; Thomas, J. O. Acta Crystallogr. 1991, B47, 643-650. 
 
11. Weast, R. C. Handbook of Chemistry and Physics; The Chemical Rubber Co. 
Ohio, 1971. 
 
12. Millet, J. M. M.; Mentzen, B. F. European Journal of Solid State Inorganic 
Chemistry 1991, 28, 493-504. 
 147 
 
13. Andrews-Allen, E.M.; Robinson, W.R. Journal of Solid State Chemistry 1988, 74, 
88-97. 
 
14. Becht, G., Hwu, S.-J. Chem. Mater. 2006, 18, 4221-4223. 
 
15. (a) Sheldrick, G. M. In “Crystallographic Computing 3” (Sheldrick, G. M.; 
Kruger, C.; Goddard, R.; Eds.), Oxford Univ. Press: London, 1985 p 175-189.   
(b) Sheldrick, G. M. In “SHELXTL, Version 6.10 Structure Determination 
Software Programs” Bruker Analytical X-ray Systems Inc., Madison, WI, 2001. 
 
16. Toby, B. H. EXPGUI, a graphical user interface for GSAS, J. Appl. Cryst. (2001) 
34, 210-211. 
 
17. Kubelka, P. J. Opt. Soc. Am. 1948, 38, 448-457. 
 
18. O’ Connor, C. J. Prog. Inorg. Chem. 1982, 29, 203-283. 
 
19. Becht, G. A., Vaughey, J. T., Britt, R. L., Eagle, C. T., Hwu, S. J. MRB 2008 In 
press 
 
20. Shannon, R. D. Acta Cryst. 1976, A32, 751-767. 
 
21. Cotton, F. A.; Wilkinson, G.; Gaus, P. L. Basic Inorganic Chemistry 3rd ed.; John 
Wiley & Sons, Inc.: New York, 1995, p 291. 
 
22. Delmas, C., Nadiri, A. Solid State lonics 1988, 28-30, 419-423. 
 
23. Kalaiselvi, N., Doh, C-H., Park, C-W., Moon, S-I., Yun, M-S. Electrochem. 
Comm. (2004) 6, 1110-1113. 
 
24. Ibarra-Palos, A., Darie, C., Proux, O., Hazemann, J.L., Aldon, L., Jumas, J.C., 
Morcrette, M., Strobel, P. Chem. Mater. 2002, 14, 1166–1173.  
 
25. Huheey, J. E., Keiter, E. A., Keiter, R. L. Inorganic Chemistry: Principles of 
Structure and Reactivity; HarperCollins College Publishers, 1993, 111. 
 
 
 
 
 148 
CHAPTER FOUR 
 
SYNTHESIS AND CHARACTERIZATION OF TWO STRUCTURALLY RELATED 
IRON-CONTAINING, OXYANION-BASED COMPOUND FAMILIES 
DEMONSTRATING CONCOMITANT LI+-EXCHANGE/REDOX-INSERTION 
CHEMISTRY IN LINO3 SOLUTION 
 
Introduction 
Intercalation compounds for secondary batteries with high specific energy and power 
combined with electrochemical stability have been in high demand.1  In the search for 
new positive-electrode materials for lithium-ion batteries, research has focused on 
polyanion-based mixed framework solids that exhibit these desirable properties.2,3  The 
olivine, LiFePO4, has been the only candidate that shows promise due to its low cost and 
environmental safety, which are essential considerations for device applications, 
including large capacity systems such as electric vehicles.4  The choice of the transition-
metal has a significant effect on the cell voltage as it is primarily dependent on the redox 
couple of the metal atom present in the structure.  Thus, the redox potential of the 
Fe(n+1)/Fen+ couple (vs. Li/Li+) accounts for the most important reason for LiFePO4 being 
a successful cathode material.  The redox potential of LiFePO4 can overcome the 
problems associated with the unfavorable position of the redox potentials of iron in 
oxide-based solids, e.g., LiFeO2.  In LiFeO2, the Fe4+/Fe3+ potential (>4.5 V)5 is too 
distant from the Fermi level of Li/Li+ and is located beyond the electrochemical window 
of the electrolyte.  In the case of the Fe3+/Fe2+, the potential (1.23 V)6 is too close to the 
Li/Li+ couple, which results in a low voltage.  As stated in chapter 3, with the addition of 
polyanions, the transition-metal redox couples are actually stabilized, i.e., the potentials 
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are made more positive by the presence of the XO4 tetrahedron in the structure due to 
strong polarization of the oxygen atoms toward the X cation and subsequent lowering of 
the covalent component in the M-O bond by the inductive effect.  Thus, the reduction 
potential of Fe3+/Fe2+ in LiFePO4 results in a high voltage (3.4V) of the Li/Li+/LixFePO4 
cell.7 
In the quest to further extend the reduction potential, capacity, as well as ion transport 
with respect to lithium deinsertion/insertion during charge/discharge processes, one area 
of the research efforts focuses on the synthesis of new open-framework solids.  Solids 
possessing channeled and layered structures conceivably provide pathways for facile ion 
diffusion, consequently increasing the capability to be good lithium ion conductors.  We 
have focused on creating new open-frameworks in environmentally friendly iron-based 
polyanion chemical systems by using alkali metal cations larger than lithium to template 
channels and layers.  These parent solids are then subject to Li+-exchange where it is 
anticipated that the larger than typical Li-O framework bonds will result allowing for 
faster Li-ion conductivity.  In the previous chapter, it was demonstrated how the soft 
chemistry enabled the exchange of lithium for the larger cations in the structure.  
However, reduction insertion with additional Li+ cations needs to rely on n-BuLi, a 
reducing agent via providing “Li” metal in situ (2 n-BuLi → 2 Li + octane).  This chapter 
will show how the soft chemistry can interestingly be used for concomitant Li+-
exchange/redox-insertion chemistry of lithium into the selected structures that exhibit 
layered and channeled open-frameworks. 
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Synthesis and Characterization of layered A3Fe3(XO4)4; A/X = (Cs,K)/As; Na/P 
Synthesis: Cs0.85K2.15Fe3(AsO4)4 
Exploratory synthesis was employed to discover new open-framework arsenates using 
large alkali metals.  In one reaction (where the target composition was Cs3Fe6(AsO4)7), a 
new phase Cs3-xKxFe3(AsO4)4, where x = 2.15, with a low yield (~10%) was discovered.  
A high-temperature, solid state synthesis in molten-salt medium was employed and 
sizable crystals (in light green color) of Cs0.85K2.15Fe3(AsO4)4 were grown in plate-like 
morphologies in a fused silica ampoule under vacuum.  After the structure determination, 
an adjusted amount of KO2 (0.06 mmol), Fe2O3 (0.03 mmol), and As2O5 (0.04 mmol) (ca. 
0.25 g, sources and purities listed in Table 2.1) were used with a eutectic flux (m.p. = 
621ºC) of  CsCl/KCl (52:48 mol %) in a 3:1 charge to flux ratio by weight and ground in 
a nitrogen-blanketed drybox.  The mixtrure was heated to 300°C at 1°C per minute and 
isothermed for 6 hours to prevent the decomposition of the As2O5 into As2O3.8  It was 
then heated to 800°C at 1°C per minute, isothermed for 3 days, followed by slow cooling 
to 500°C at 0.1°C per minute to promote crystal growth then furnace cooled to room 
temperature.  The light green colored crystals were retrieved upon washing with 
deionized water.  Ca. 90% yield of the single crystals of the compound was obtained with 
the other 10% being unidenified polycrystals. 
Synthesis: Na3Fe3(PO4)4 
After the successful synthesis of Cs0.85K2.15Fe3(AsO4)4, the more environmentally 
friendly phosphate analogue was made for electrochemical testing.  Crystals of 
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Na3Fe3(PO4)4 were grown by employing the NaCl flux in a fused silica ampoule under 
vacuum.  0.5 g of Na2O (0.03 mmol), Fe2O3 (0.03 mmol), and P4O10 (0.02 mmol) (ca. 
0.25 g) was used with a flux NaCl in a 3:1 charge to flux ratio by weight and ground in a 
nitrogen-blanketed drybox.  The mixture was heated to 900°C at 1°C per minute, 
isothermed for 3 days, followed by slow cooling to 350°C at 0.1°C per minute then 
furnaced cooled to room temperature.  Black colored plate crystals were retrieved upon 
washing with deionized water.  Ca. 30% yield of the compound was obtained, with 30% 
of Na3Fe5(PO4)6 and 40% of unidentified polycrystals. 
Characterization 
Single Crystal X-Ray Diffraction 
Light Green and Black plate crystals from different reactions were selected under an 
optical microscope equipped with a polarized light attachment and mounted on glass 
fibers for single-crystal X-ray diffraction study.  The data collections were carried out at 
room temperature on a four-circle Rigaku AFC-8 diffractometer equipped with a CCD 
area detector using graphite monochromated Mo Kα radiation (λ = 0.71073 Å).  The 
structures were solved by direct methods with the SHELXTL-97 program and refined on 
F2 by least-squares, full-matrix techniques.9  The crystallographic data for 
Cs0.85K2.15Fe3(AsO4)4 and Na3Fe3(PO4)4 compounds are summarized in Tables 4.1 and 
4.2, respectively.  Their atomic coordinates, anisotropic thermal parameters, and selected 
bond distances and angles are listed in Tables 4.3, 4.4, 4.5, 4.6, 4.7, and 4.8, respectively. 
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Table 4.1 Crystallographic Data for Cs0.85K2.15Fe3(AsO4)4 
Chemical formula Cs0.85K2.15Fe3(AsO4)4 
Crystal color, shape Light green, plate 
Crystal size (mm) 0.24 × 0.30 × 0.26 
Formula weight (g/mol) 920.24 
Space group Cmca (no. 64) 
a (Å) 11.005(2) 
b (Å) 21.517(4) 
c (Å) 19.973(4) 
V (Å3) 4730(2) 
Z 12 
ρ(calc) (g/cm3) 3.875 
Linear abs. coeff. (mm-1) 1.162 
F000 431 
T (K) 293(2) 
Reflections collected 17687 
Reflections unique 2198 
Rint/Rsigmaa 0.0523/0.0244 
Final R1/wR2/GOF (all data) 0.0448/0.1251/1.124 
Largest difference peak (e-/Å3) 2.685 
Largest difference hole (e-/Å3) -1.749 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 4.2 Crystallographic Data for Na3Fe3(PO4)4 
Chemical formula Na3Fe3(PO4)4 
Crystal color, shape Black, Plate 
Crystal size (mm) 0.20 × 0.12 × 0.21 
Formula weight (g/mol) 616.39 
Space group Cmca (no. 64) 
a (Å) 10.697(2) 
b (Å) 20.170(4) 
c (Å) 6.379(1) 
V (Å3) 1376.4(5) 
Z 4 
ρ(calc) (g/cm3) 2.974 
Linear abs. coeff. (mm-1) 3.357 
F000 768 
T (K) 293(2) 
Reflections collected 5171 
Reflections unique 649 
Rint/Rsigmaa 0.0454/0.0195 
Final R1/wR2/GOF (all data) 0.0560/0.1593/1.397 
Largest difference peak (e-/Å3) 2.236 
Largest difference hole (e-/Å3) -0.846 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 4.3 Atomic Coordinates and Equivalent Displacement Parameters for 
Cs0.85K2.15Fe3(AsO4)4. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Cs(1) 16g 0.63(3) 0.28586(6) 0.27708(3) 0.87660(4) 0.0254(4) 
K(1) 16g 0.37(3) 0.28586(6) 0.27708(3) 0.87660(4) 0.0254(4) 
K(2) 8f 0.5 1/2 0.5541(3) 0.1624(2) 0.012(2) 
K(3) 8f 1.0 1/2 0.1613(1) 0.0262(1) 0.020(1) 
K(4) 8f 1.0 1/2 0.1632(1) 0.6910(1) 0.021(1) 
Fe(1) 8e 1.0 1/4 0.58771(6) 1/4 0.0089(7) 
Fe(2) 16g 1.0 0.74887(8) 0.40921(5) 0.08274(4) 0.0033(5) 
Fe(3) 8f 1.0 1/2 0.99970(5) 0.16619(6) 0.0031(7) 
Fe(4) 4a 1.0 1/2 1/2 0 0.0033(9) 
As(1) 8f 1.0 1/2 0.34691(4) 0.02090(5) 0.0038(5) 
As(2) 8f 1.0 1/2 0.15137(4) 0.85719(5) 0.0039(5) 
As(3) 8f 1.0 1/2 0.15209(4) 0.19633(5) 0.0040(5) 
As(4) 8e 1.0 1/4 0.45392(4) 1/4 0.0027(5) 
As(5) 16g 1.0 0.75380(5) 0.54300(3) 0.08266(3) 0.0052(4) 
O(1) 16g 1.0 0.6404(4) 0.4891(2) 0.0690(2) 0.004(2) 
O(2) 16g 1.0 0.8637(4) 0.4882(2) 0.0970(2) 0.006(2) 
O(3) 16g 1.0 0.2843(4) 0.4108(2) 0.1833(2) 0.012(2) 
O(4) 16g 1.0 0.7227(4) 0.5865(2) 0.1492(2) 0.012(2) 
O(5) 16g 1.0 0.3769(4) 0.1486(2) 0.2465(3) 0.006(2) 
O(6) 8f 1.0 1/2 0.4135(3) 0.9752(3) 0.014(4) 
O(7) 8f 1.0 1/2 0.0870(3) 0.8084(3) 0.012(3) 
O(8) 8f 1.0 1/2 0.0876(3) 0.1468(3) 0.011(3) 
O(9) 16g 1.0 0.7855(4) 0.5883(2) 0.0177(2) 0.014(2) 
O(10) 16g 1.0 0.3782(4) 0.3488(2) 0.0730(2) 0.007(2) 
O(11) 8f 1.0 1/2 0.2146(3) 0.8110(3) 0.016(4) 
O(12) 8f 1.0 1/2 0.2139(3) 0.1486(4) 0.023(4) 
O(13) 16g 1.0 0.3785(4) 0.1497(2) 0.9091(2) 0.006(2) 
O(14) 16g 1.0 0.3616(4) 0.5088(2) 0.2633(2) 0.004(2) 
O(15) 8f 1.0 1/2 0.2846(3) 0.9736(4) 0.023(4) 
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Table 4.4 Atomic Coordinates and Equivalent Displacement Parameters for 
Na3Fe3(PO4)4. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Na(1) 8f  0.5 1/2 0.1662(3) 0.0891(11) 0.034(5) 
Na(2) 16g  0.5 0.709(1) 0.2781(4) 0.637(2) 0.075(7) 
P(1) 8f 1.0 1/2 0.34277(11) 0.0867(4) 0.007(1) 
P(2) 8e 1.0 3/4 0.5454(1) 1/4 0.008(1) 
Fe(1) 4a 1.0 1/2 1/2 0 0.0058(9) 
Fe(2) 8e 1.0 1/4 0.40742(6) 1/4 0.0084(8) 
O(1) 16g 1.0 0.3841(5) 0.3451(2) 0.2324(8) 0.011(2) 
O(2) 8f 1.0 1/2 0.4061(3) 0.951(1) 0.008(3) 
O(3) 8f 1.0 1/2 0.2828(4) 0.950(1) 0.026(4) 
O(4) 16g 1.0 0.8588(4) 0.4946(2) 0.2857(7) 0.008(2) 
O(5) 16g 1.0 0.7785(5) 0.5885(2) 0.0610(7) 0.014(2) 
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Table 4.5 Anisotropic thermal parameters (U × 103) for Cs0.85K2.15Fe3(AsO4)4 
 U11 U22 U33 U23 U13 U12 
Cs(1) 25(1) 18(1) 37(1) 2(1) -7(1) 9(1) 
K(1) 25(1) 18(1) 37(1) 2(1) -7(1) 9(1) 
K(2) 12(2) 47(3) 18(2) -4(2) 0 0 
K(3) 20(1) 28(1) 8(1) -2(1) 0 0 
K(4) 22(1) 21(1) 9(1) 0(1) 0 0 
Fe(1) 9(1) 8(1) 7(1) 0 -4(1) 0 
Fe(2) 3(1) 8(1) 5(1) 0(1) 0(1) 1(1) 
Fe(3) 3(1) 6(1) 7(1) 1(1) 0 0 
Fe(4) 3(1) 6(1) 7(1) -2(1) 0 0 
As(1) 4(1) 7(1) 7(1) -1(1) 0 0 
As(2) 4(1) 7(1) 5(1) 0(1) 0 0 
As(3) 4(1) 7(1) 6(1) 0(1) 0 0 
As(4) 3(1) 7(1) 3(1) 0 0(1) 0 
As(5) 5(1) 7(1) 3(1) 0(1) -1(1) -1(1) 
O(1) 4(2) 8(2) 8(2) 2(2) -2(2) -2(2) 
O(2) 6(2) 6(2) 9(2) -3(2) -3(2) 2(2) 
O(3) 12(2) 14(2) 4(2) -4(2) -3(2) 3(2) 
O(4) 12(2) 14(2) 4(2) -3(2) 0(2) 2(2) 
O(5) 6(2) 19(3) 18(2) -4(2) 7(2) -4(2) 
O(6) 14(3) 6(3) 12(3) 3(3) 0 0 
O(7) 12(3) 9(3) 7(3) -3(3) 0 0 
O(8) 11(3) 9(3) 13(3) -3(3) 0 0 
O(9) 14(2) 14(2) 4(2) 3(2) -3(2) -3(2) 
O(10) 7(2) 13(2) 14(2) 2(2) 5(2) 4(2) 
O(11) 16(4) 7(3) 11(3) 7(3) 0 0 
O(12) 23(4) 10(4) 13(4) 6(3) 0 0 
O(13) 6(2) 11(2) 14(2) -1(2) 4(2) -4(2) 
O(14) 4(2) 8(2) 7(2) 1(2) -3(2) -3(2) 
O(15) 23(4) 9(4) 17(4) -9(3) 0 0 
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Table 4.6 Anisotropic thermal parameters (U × 103) for Na3Fe3(AsO4)4 
 U11 U22 U33 U23 U13 U12 
Na(1) 35(5) 4(3) 0(3) 0(3) 0 0 
Na(2) 75(7) 33(4) 81(7) 13(4) 9(6) -32(4) 
P(1) 7(1) 10(1) 14(1) -2(1) 0 0 
P(2) 9(1) 10(1) 7(1) 0 -1(1) 0 
Fe(1) 6(1) 10(1) 12(1) 0(1) 0 0 
Fe(2) 9(1) 10(1) 9(1) 0 0(1) 0 
O(4) 8(2) 11(2) 10(2) 0(2) -2(2) -1(2) 
O(1) 12(2) 17(3) 20(3) 5(2) 5(2) 4(2) 
O(5) 14(2) 15(2) 7(2) 2(2) -2(2) -1(2) 
O(2) 8(3) 14(4) 19(4) 3(3) 0 0 
O(3) 26(4) 16(4) 24(4) -9(3) 0 0 
 
Table 4.7 Selected bond distances and angles for Cs0.85K2.15Fe3(AsO4)4. 
Fe(1)-O(5)#7 1.917(5) Fe(4)-O(1)#1 2.083(4) 
Fe(1)-O(5)#14 1.917(5) Fe(4)-O(1)#18 2.083(4) 
Fe(1)-O(4)#15 2.035(5) As(1)-O(15) 1.641(7) 
Fe(1)-O(4)#5 2.035(5) As(1)-O(10)#5 1.697(5) 
Fe(1)-O(14)#16 2.113(5) As(1)-O(10) 1.697(5) 
Fe(1)-O(14) 2.113(5) As(1)-O(6) 1.698(7) 
Fe(2)-O(13)#19 1.916(5) As(2)-O(11) 1.644(7) 
Fe(2)-O(10)#5 1.919(5) As(2)-O(13)#5 1.693(5) 
Fe(2)-O(3)#5 2.041(5) As(2)-O(13) 1.693(5) 
Fe(2)-O(9)#18 2.047(5) As(2)-O(7) 1.694(7) 
Fe(2)-O(1) 2.111(5) As(3)-O(12) 1.637(7) 
Fe(2)-O(2) 2.137(5) As(3)-O(5)#5 1.686(5) 
Fe(3)-O(8) 1.930(7) As(3)-O(5) 1.686(5) 
Fe(3)-O(7)#21 1.933(7) As(3)-O(8) 1.704(7) 
Fe(3)-O(2)#9 2.054(5) As(4)-O(3)#16 1.667(5) 
Fe(3)-O(2)#10 2.054(5) As(4)-O(3) 1.667(5) 
Fe(3)-O(14)#22 2.083(4) As(4)-O(14) 1.724(4) 
Fe(3)-O(14)#23 2.083(4) As(4)-O(14)#16 1.724(4) 
Fe(4)-O(6) 1.926(7) As(5)-O(9) 1.660(5) 
Fe(4)-O(6)#1 1.926(7) As(5)-O(4) 1.662(5) 
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Fe(4)-O(1) 2.083(4) As(5)-O(2) 1.714(5) 
Fe(4)-O(1)#5 2.083(4) As(5)-O(1) 1.726(4) 
O(5)#7-Fe(1)-
O(5)#14 93.7(3) O(6)-Fe(4)-O(6)#1 180.0(4) 
O(5)#7-Fe(1)-
O(4)#15 94.6(2) O(6)-Fe(4)-O(1) 93.48(18) 
O(5)#14-Fe(1)-
O(4)#15 86.4(2) O(6)#1-Fe(4)-O(1) 86.52(18) 
O(5)#7-Fe(1)-
O(4)#5 86.4(2) O(6)-Fe(4)-O(1)#5 93.48(18) 
O(5)#14-Fe(1)-
O(4)#5 94.6(2) 
O(6)#1-Fe(4)-
O(1)#5 86.52(18) 
O(4)#15-Fe(1)-
O(4)#5 178.5(3) O(1)-Fe(4)-O(1)#5 95.7(2) 
O(5)#7-Fe(1)-
O(14)#16 167.9(2) O(6)-Fe(4)-O(1)#1 86.52(18) 
O(5)#14-Fe(1)-
O(14)#16 96.97(19) 
O(6)#1-Fe(4)-
O(1)#1 93.48(18) 
O(4)#15-Fe(1)-
O(14)#16 91.63(19) O(1)-Fe(4)-O(1)#1 180 
O(4)#5-Fe(1)-
O(14)#16 87.19(18) 
O(1)#5-Fe(4)-
O(1)#1 84.3(2) 
O(5)#7-Fe(1)-O(14) 96.97(19) O(6)-Fe(4)-O(1)#18 86.52(18) 
O(5)#14-Fe(1)-
O(14) 167.9(2) 
O(6)#1-Fe(4)-
O(1)#18 93.48(18) 
O(4)#15-Fe(1)-
O(14) 87.19(18) O(1)-Fe(4)-O(1)#18 84.3(2) 
O(4)#5-Fe(1)-O(14) 91.63(18) 
O(1)#5-Fe(4)-
O(1)#18 180.00(18) 
O(14)#16-Fe(1)-
O(14) 73.0(2) 
O(1)#1-Fe(4)-
O(1)#18 95.7(2) 
O(13)#19-Fe(2)-
O(10)#5 95.9(2) 
O(15)-As(1)-
O(10)#5 111.9(2) 
O(13)#19-Fe(2)-
O(3)#5 93.5(2) O(15)-As(1)-O(10) 111.9(2) 
O(10)#5-Fe(2)-
O(3)#5 88.9(2) 
O(10)#5-As(1)-
O(10) 104.4(3) 
O(13)#19-Fe(2)-
O(9)#18 87.3(2) O(15)-As(1)-O(6) 112.3(4) 
O(10)#5-Fe(2)-
O(9)#18 93.5(2) O(10)#5-As(1)-O(6) 108.0(2) 
O(3)#5-Fe(2)-
O(9)#18 177.3(2) O(10)-As(1)-O(6) 108.0(2) 
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O(13)#19-Fe(2)-
O(1) 166.2(2) 
O(11)-As(2)-
O(13)#5 111.2(2) 
O(10)#5-Fe(2)-O(1) 97.26(19) O(11)-As(2)-O(13) 111.2(2) 
O(3)#5-Fe(2)-O(1) 90.77(19) 
O(13)#5-As(2)-
O(13) 104.4(3) 
O(9)#18-Fe(2)-O(1) 87.86(19) O(11)-As(2)-O(7) 110.7(4) 
O(13)#19-Fe(2)-
O(2) 94.27(19) O(13)#5-As(2)-O(7) 109.6(2) 
O(10)#5-Fe(2)-O(2) 169.5(2) O(13)-As(2)-O(7) 109.6(2) 
O(3)#5-Fe(2)-O(2) 87.77(18) O(12)-As(3)-O(5)#5 112.4(2) 
O(9)#18-Fe(2)-O(2) 89.64(19) O(12)-As(3)-O(5) 112.4(2) 
O(1)-Fe(2)-O(2) 72.81(19) O(5)#5-As(3)-O(5) 106.9(4) 
O(8)-Fe(3)-O(7)#21 176.3(3) O(12)-As(3)-O(8) 108.9(4) 
O(8)-Fe(3)-O(2)#9 89.07(19) O(5)#5-As(3)-O(8) 108.0(2) 
O(7)#21-Fe(3)-
O(2)#9 93.43(18) O(5)-As(3)-O(8) 108.0(2) 
O(8)-Fe(3)-O(2)#10 89.07(19) O(3)#16-As(4)-O(3) 112.3(3) 
O(7)#21-Fe(3)-
O(2)#10 93.43(18) 
O(3)#16-As(4)-
O(14) 114.8(2) 
O(2)#9-Fe(3)-
O(2)#10 93.8(3) O(3)-As(4)-O(14) 110.1(2) 
O(8)-Fe(3)-
O(14)#22 92.50(19) 
O(3)#16-As(4)-
O(14)#16 110.1(2) 
O(7)#21-Fe(3)-
O(14)#22 85.00(18) 
O(3)-As(4)-
O(14)#16 114.8(2) 
O(2)#9-Fe(3)-
O(14)#22 178.42(17) 
O(14)-As(4)-
O(14)#16 93.6(3) 
O(2)#10-Fe(3)-
O(14)#22 86.1(2) O(9)-As(5)-O(4) 109.7(3) 
O(8)-Fe(3)-
O(14)#23 92.50(19) O(9)-As(5)-O(2) 112.7(2) 
O(7)#21-Fe(3)-
O(14)#23 85.00(18) O(4)-As(5)-O(2) 113.5(2) 
O(2)#9-Fe(3)-
O(14)#23 86.1(2) O(9)-As(5)-O(1) 115.0(2) 
O(2)#10-Fe(3)-
O(14)#23 178.42(17) O(4)-As(5)-O(1) 110.9(2) 
O(14)#22-Fe(3)-
O(14)#23 94.0(2) O(2)-As(5)-O(1) 94.3(2) 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,-y+1,-z #2 -x+1/2,-
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y+1/2,-z 
#3 x,-y+1/2,z-1/2 #4 
-x+1/2,-
y+1,z-1/2 
#5 -x+1,y,z #6 
-x+1,y+1/2,-
z+1/2 
#7 x,y+1/2,-z+1/2 #8 
x+1/2,y,-
z+1/2 
#9 x-1/2,y-1/2,z #10 
-x+3/2,y-
1/2,z 
#11 x-1/2,-y+1/2,-z #12 
-x+3/2,-
y+1/2,-z 
#13 -x+1,-y+1/2,z-1/2 #14 
-
x+1/2,y+1/2,z 
#15 x-1/2,y,-z+1/2 #16 
-x+1/2,y+0,-
z+1/2 
#17 -x+1/2,-y+1,z+1/2 #18 x,-y+1,-z 
#19 x+1/2,-y+1/2,-z #20 
-x+1,-
y+1/2,z+1/2 
#21 -x+1,-y,-z #22 
-x+1,y-1/2,-
z+1/2 
#23 x,y-1/2,-z+1/2 #24 x+1/2,y+1/2,z 
#25 x,-y+1/2,z+1/2     
 
Table 4.8 Selected bond distances and angles for Na3Fe3(PO4)4. 
P(1)-O(3) 1.489(8) Fe(1)-O(4)#16 2.040(4) 
P(1)-O(2) 1.547(7) Fe(1)-O(4)#13 2.040(4) 
P(1)-O(1)#12 1.551(5) Fe(1)-O(4)#10 2.040(4) 
P(1)-O(1) 1.551(5) Fe(1)-O(4)#17 2.040(4) 
P(2)-O(5)#13 1.518(5) Fe(2)-O(1) 1.909(5) 
P(2)-O(5) 1.518(5) Fe(2)-O(1)#18 1.909(5) 
P(2)-O(4)#13 1.567(5) Fe(2)-O(5)#15 2.009(5) 
P(2)-O(4) 1.567(5) Fe(2)-O(5)#19 2.009(5) 
Fe(1)-O(2)#15 1.919(7) Fe(2)-O(4)#17 2.121(5) 
Fe(1)-O(2) 1.919(7) Fe(2)-O(4)#12 2.121(5) 
O(3)-P(1)-O(2) 109.8(5) O(4)#13-Fe(1)-O(4)#10 84.4(3) 
O(3)-P(1)-O(1)#12 112.1(3) O(2)#15-Fe(1)-O(4)#17 86.74(19) 
O(2)-P(1)-O(1)#12 108.1(2) O(2)-Fe(1)-O(4)#17 93.26(19) 
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O(3)-P(1)-O(1) 112.1(3) O(4)#16-Fe(1)-O(4)#17 84.4(3) 
O(2)-P(1)-O(1) 108.1(2) O(4)#13-Fe(1)-O(4)#17 95.6(3) 
O(1)#12-P(1)-O(1) 106.4(4) O(4)#10-Fe(1)-O(4)#17 180.000(1) 
O(5)#13-P(2)-O(5) 110.0(4) O(1)-Fe(2)-O(1)#18 97.6(3) 
O(5)#13-P(2)-O(4)#13 110.0(3) O(1)-Fe(2)-O(5)#15 94.7(2) 
O(5)-P(2)-O(4)#13 114.1(2) O(1)#18-Fe(2)-O(5)#15 88.4(2) 
O(5)#13-P(2)-O(4) 114.1(2) O(1)-Fe(2)-O(5)#19 88.4(2) 
O(5)-P(2)-O(4) 110.0(3) O(1)#18-Fe(2)-O(5)#19 94.7(2) 
O(4)#13-P(2)-O(4) 98.3(3) O(5)#15-Fe(2)-O(5)#19 175.3(3) 
O(2)#15-Fe(1)-O(2) 180.00(7) O(1)-Fe(2)-O(4)#17 97.35(19) 
O(2)#15-Fe(1)-
O(4)#16 93.26(19) O(1)#18-Fe(2)-O(4)#17 164.6(2) 
O(2)-Fe(1)-O(4)#16 86.74(19) O(5)#15-Fe(2)-O(4)#17 86.72(18) 
O(2)#15-Fe(1)-
O(4)#13 86.74(19) O(5)#19-Fe(2)-O(4)#17 89.38(18) 
O(2)-Fe(1)-O(4)#13 93.26(19) O(1)-Fe(2)-O(4)#12 164.6(2) 
O(4)#16-Fe(1)-
O(4)#13 180.000(1) O(1)#18-Fe(2)-O(4)#12 97.35(19) 
O(2)#15-Fe(1)-
O(4)#10 93.26(19) O(5)#15-Fe(2)-O(4)#12 89.38(18) 
O(2)-Fe(1)-O(4)#10 86.74(19) O(5)#19-Fe(2)-O(4)#12 86.72(18) 
O(4)#16-Fe(1)-
O(4)#10 95.6(3) O(4)#17-Fe(2)-O(4)#12 68.0(2) 
Symmetry transformations used to generate equivalent atoms: 
#1 x,-y+1/2,z+1/2 #2 
-x+1,-
y+1/2,z+1/2 
#3 x,-y+1/2,z-1/2 #4 -x+1,-y+1/2,z-1/2 
#5 x-1/2,y-1/2,z #6 -x+3/2,y-1/2,z 
#7 -x+3/2,-y+1/2,-z #8 -x+3/2,y+0,-z-1/2 
#9 
-x+3/2,-y+1/2,-z-
1 #10 -x+3/2,-y+1,z-1/2 
#11 x+1/2,y,-z-1/2 #12 -x+1,y,z 
#13 
-x+3/2,y+0,-
z+1/2 #14 x+1/2,y,-z+1/2 
#15 -x+1,-y+1,-z #16 x-1/2,-y+1,z-1/2 
#17 x-1/2,y,-z+1/2 #18 
-x+1/2,y+0,-
z+1/2 
#19 x-1/2,-y+1,z+1/2 #20 
-x+3/2,-
y+1,z+1/2 
#21 x+1/2,y+1/2,z     
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Stoichiometric Synthesis and Powder X-Ray Diffraction 
In order to further investigate this structure for a larger quantity ion-exchange, a 
stiochiometric yield is synthesized for Cs0.85K2.15Fe3(AsO4)4.  Polycrystalline samples of 
Cs0.85K2.15Fe3(AsO4)4 were synthesized in an open system from the mixture of Cs2CO3 
(0.0085 mmol), K2CO3 (0.0215 mmol), Fe2O3 (0.03 mmol), and (NH4)H2AsO4 (0.08 
mmol).  These reactants were ground together in air then the mixture was loaded into an 
alumina crucible.  The reaction was heated to 300°C at a rate of 2°C/min and held at that 
temperature for 6hrs, again to prevent the As2O5 from decomposing6.  Then the reaction 
was heated to 800°C at a rate of 2°C/min and held at that temperature for 2 days before 
being furnace cooled to room temperature.  The sample was subject to regrind/reheat 
three times to increase the crystallinity and the completion of the reaction. 
The X-ray powder diffraction data was then collected on a Scintag XDS 2000 
diffractometer with Cu Kα radiation in the 2θ range 2-65° at a step size of 0.03° at room 
temperature.  The powder X-ray diffraction (PXRD) pattern was refined using the 
General Structure Analysis System (GSAS) program.10  Unfortunately the Na3Fe3(PO4)4 
analogue can not be synthesized in a high yield for further study, therefore only 
Cs0.85K2.15Fe3(AsO4)4 is subject to the PXRD study. 
UV-Vis Diffuse Reflectance Spectroscopy 
The optical absorption spectrum of Cs0.85K2.15Fe3(AsO4)4 was recorded on a PC-
controlled SHIMADZU UV-3100/Vis/near-IR spectrometer equipped with an integrating 
sphere.  Selected crystals of Cs0.85K2.15Fe3(AsO4)4 were ground and smeared onto BaSO4, 
 163 
which was pressed to the holder for data collection.  The reflectance data were collected 
between the range of 200nm (6.2eV) to 2500nm (0.5eV) using slow scan speed and then 
manually converted to arbitrary absorption units using the Kubelka-Munk function.11 
Magnetic Properties Measurement 
A Quantum Design SQUID MPMS-5S magnetometer was employed to measure the 
magnetic susceptibility of Cs0.85K2.15Fe3(AsO4)4.  The data of the magnetic moment were 
collected from 2 to 300 K in the applied field of H = 0.5T.  Selected crystals were ground 
and placed in a gel capsule sample holder for the measurements.  The sample mass for 
Cs0.85K2.15Fe3(AsO4)4 was 10.3 mg.  The magnetic susceptibility was corrected for the gel 
capsule and core diamagnetism with the Pascal’s constant.12 
Ion-Exchange Reactions 
Ion-exchange was performed to exchange the large cations, which were used to 
template the large open-framework formation, with lithium for the generation of a 
possible electrode material for lithiuim-ion battery applications.  Ion-exchange reactions 
under mild hydrothermal conditions were successful.  The studies were first performed 
on selected single crystals for a timely acquisition of structure information and followed 
by polycrystalline sample.  Single crystals (ca. 30 mg) of Cs0.85K2.15Fe3(AsO4)4 were 
immersed in 10 mL of 1M LiNO3 solutions and heated in a Teflon-lined hydrothermal 
bomb at 200°C for 12 hr. 
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Inductively Coupled Plasma 
Quantitative analysis employing Inductively Coupled Plasma Optical Emission 
Spectroscopy (ICPOES) was performed to determine the Li and Fe concentrations for the 
bulk material of K0.84Li5.16Fe3(AsO4)4.  The solution was prepared by taking 5.7 mg of the 
polycrystalline sample and placing it in 10mL of concentrated HNO3 (1 mole % metal 
grade) then stirred and heated until the sample was dissolved.  It was then diluted down 
using a HNO3 solution to the appropriate concentration (1.92ppm for Li, 9.00 ppm for 
Fe) based on the chemical formula for Li+-exchanged product K0.84Li5.16Fe3(AsO4)4. 
X-ray Photoelectron Spectroscopy 
The XPS measurements were performed at the EM facilities at Clemson University.  
The XPS spectra were obtained on a KRATOS AXIS 165 spectrometer equipped with 
monochromatized aluminum anode (15 keV, 15 mA).  The working pressure of the 
analysis chamber was 9 Torr.  Survey scans for the samples were run with an analyzer 
pass energy of 80 eV and for component scans of Fe 2p and Si 2p at 20 eV.  The binding 
energy was corrected by the background adventitious C 1s binding energy of 284.8 eV.  
Each scan was smoothed 3 times with Kenel width 1 using the quadratic Savitzk-Golay 
method.  The raw spectra were fitted with the processing program after automatically 
subtracting the background. 
Electrochemical Tests 
For electrochemical evaluation, the materials were laminated on an aluminum current 
collector using a 70% electrochemical active sample, 15% poly(vinylidene difluoride) 
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(PvDF) binder in n-methyl pyrrolidinone (NMP), and ~15% carbon (50/50 mix of 
acetylene black and graphite).  The electrode capacities was measured in 2032 button 
cells using a Li metal anode, Celgard PP/PE separators, and an electrolyte consisting of a 
1.0 M LiPF6 solution of a 50/50 mixture (by weight) of diethyl carbonate (DEC) and 
ethylene carbonate (EC).  Cycling was done with a 0.063 mA/cm2 (C-rate = C/0.5) 
current using Maccor cyclers. 
 
Results and Discussion 
Synthesis and Structure 
Cs0.85K2.15Fe3(AsO4)4 and Na3Fe3(PO4)4 were isolated by traditional high-temperature, 
solid-state methods employing an eutectic flux.  The as-prepared crystals are light green 
and black plates, respectively.  Only Cs0.85K2.15Fe3(AsO4)4 could be prepared with a high 
yield of crystal (~ 90% yield).  The Na3Fe3(PO4)4 phase was a minor product of the high 
temperature reaction and could not be made in any other manner.  The attempt to 
synthesize a bulk powder in an open system from the stiochiometric reaction was only 
capable for Cs0.85K2.15Fe3(AsO4)4.  A solid solution series was also capable for Cs3-
xKxFe3(AsO4)4 in the range of x = 1 – 3 (Fig 4.1).  When x = 0, the phase Cs3Fe6(AsO4)7 
was formed as the major product and when x = 3 the product was the desired phase, 
however without the super cell, see discussion below.  A comparison of the super cell 
with the non-super cell is shown in Figure 4.2 with their refined unit cell parameters 
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listed in Table 4.9.  It can be clearly seen from the extra peaks (HKL’s) that the super cell 
does exist. 
Cs0.85K2.15Fe3(AsO4)4, as listed in Table 4.1, crystallizes in the orthorhombic space 
group Cmca (no. 64) with unit cell dimensions of  a = 11.005(2) Å, b = 21.517(4) Å, c = 
19.973(4) Å, and V = 4730(2) Å3.  As mentioned in Chapter 3, the source of the cesium 
comes from the CsCl salt, which is originally used as a flux.  Therefore, it was unsure on 
how the ratio of Cs:K would be in multiple reactions.  However, after careful examination 
of several reactions, it was found that the Cs:K ratio of 0.85:2.15 was consistent throughout 
the reactions (Table 4.10).  The X-ray single-crystal structure reveals a layered structure 
where the Cs+ and K+ reside in between the undulating iron arsenate slabs (Figs. 4.3 – 4.4).  
Figure 4.3 shows the large van der Waals gap between Fe-O-As slabs.  The understanding 
is that the larger the spacing between slabs, the more and/or easier the lithium that can be 
inserted into the structure.  Each layer is made of AsO4 tetrahedra and FeO6 octahedra.  The 
average distance for As-O is 1.69 Å, which is the sum of the Shannon crystal radii13 for the 
four coordinate arsenic (0.48 Å) and the oxygen (1.21 Å).  The Fe-O bonds (average = 2.03 
Å) are comparible with 1.90 Å, the sum of the Shannon crystal radii (Fe = 0.69 Å).  The 
FeO6 octahedra are corner-shared to form 8-membered rings where each 8-membered ring 
is interconnected to form a sheet, that constitute the metal-oxide framework of the slab 
(Fig. 4.4).  The Fe-Fe distances within the metal framework average 3.75 Å.  The 
interconnection of the metal-oxide framework should also allow for the redox insertion of 
additional lithiums without the degradation of the overall structure. 
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Na3Fe3(PO4)4 also crystallizes in the orthorhombic space group Cmca (no. 64) with unit 
cell dimensions of a = 10.697(2) Å, b = 20.170(4) Å, c = 6.379(1) Å, and V = 1376.4(5) 
Å3.  One can notice that the c-axis dimensions are different than that of the arsenate phase, 
which is entirely attributed to the ordering of the A-site cations.  In the arsenate phase, the 
Cs+ and K+ cations partially occupy in varying sites, so to give rise to a super cell (3 times 
the c-axis).  In the phosphate analogue the Na+ cations are partially occupied however they 
do not create the super cell due to the ordered fashion of their sites (Fig. 4.5).  The average 
bond distances of the P-O are 1.54 Å and the Fe-O are 2.01 Å, which are in good 
agreement with the sums of Shannon crystal radii12 (P-O = 1.52 Å, Fe-O = 1.90 Å). 
Polycrystalline samples were synthesized to make a larger yield for characterization.  
As stated previously, only the Cs0.85K2.15Fe3(AsO4)4 could be stoichiometrically 
synthesized.  The summary of refined cell parameters and the pattern of the powder X-
ray diffraction refinement for Cs0.85K2.15Fe3(AsO4)4 are given in Table 4.11 and Figure 
4.6, respectively.  It can be seen that the volume in the polycrystalline sample is 
comparable, within standard deviation, with the single crystal solution.  However, this 
does not cause a change in structure, as seen from the solid solution series.  The 
Na3Fe3(PO4)4 could not be synthesized stoichiometrically.  One reason could be 
speculated the compounds form a thermodynamic sink before reaching the reaction 
temperature; therefore the desired phase can not be synthesized. 
UV-Vis Diffuse Reflectance Spectroscopy 
Ultraviolet-visible spectroscopy involves the spectroscopy of photons in the UV-visible 
region.  Light is used in the visible (3.1 – 1.65 eV) and adjacent ultraviolet (>3.1 eV) and 
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infrared (<1.65 eV) ranges where the molecules undergo electronic transitions.  This 
technique measures transitions from the ground state to the excited state which will provide 
information on what the type of transition occurs (d-d, or ligand-to-metal-charge-transfer 
(LMCT)).  In Cs0.85K2.15Fe3(AsO4)4, there are four crystallographically independent Fe(III) 
sites all adopting the octahedral geometry.  The compound has a LMCT band around 3.1 - 
3.5 eV (Fig. 4.7), which strecthes from the UV to the visible.  In an octahedral complex 
(FeO6), the six lowest energy σ-bonding orbitals will be filled and will be primarily ligand 
in character.  Next will be the two sets of σ-nonbonding orbitals (πp), one ligand-centered 
and one metal-centered (3d).  Hence there would be six possible ligand to metal transitions, 
and from their wavelength it can be determined that they are all in the UV range, as shown 
by the Fig. 4.7. 
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Figure 4.1.  Solid solution series of Cs3-xKxFe3(AsO4)4, 1 ≤ x ≤ 2.5. 
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Figure 4.2.  Comparison of the super cell (bottom) vs. the small unit cell (top) of 
A3Fe3(AsO4)4 where the super cell reflections are mark with a *. 
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Table 4.10.  Comparison of refined site occupancies with respect to the Cs+ and K+ 
cations in three different crystals of Cs3-xKxFe3(AsO4)4. 
Crystal number Cs K 
1 0.85(3) 2.15(3) 
2 0.84(3) 2.16(3) 
3 0.87(3) 2.13(3) 
 
Table 4.9.  Comparison of the super cell vs. the smaller unit cell in 
Cs0.85K2.15Fe3(AsO4)4. 
Space Group Cmca (No. 64) Cmca (No. 64) 
a (Å) 11.005(2) 10.997(2) 
b (Å) 21.517(4) 21.564(7) 
c (Å) 19.973(4) 6.659(2) 
V (Å3) 4730(2) 1579.1(7) 
Final R1a 0.0448 0.0662 
wR2b 0.1251 0.1613 
a
 Rp = Σ׀Io-Ic׀ / Σ׀Io׀ 
b
 Rwp = [Σw׀Io-Ic׀2 / w׀Io׀2]1/2 
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Figure 4.3.  Mixed polyhedral (FeO6) and ball/stick (AsO4) representations showing 
the projected view of the Cs0.85 K2.15Fe3(AsO4)4 structure along a.  The cations, K+ 
and Cs+, reside in the layers.   
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Figure 4.4.  The Fe-O network showing edge-sharing 8-member rings making up each 
slab. 
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Figure 4.5.  Mixed polyhedral (FeO6) and ball/stick (PO4) representations showing 
the projected view of the Na3Fe3(PO4)4 structure along a.  The cation, Na+, resides in 
the layers in a non-ordered fashion causing there to be no super cell. 
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Table 4.11.  Summary of the Crystallographic Powder X-ray Diffraction Refinement 
Data vs. Single Crystal X-ray Diffraction Data for Cs0.85K2.15Fe3(AsO4)4. 
Diffraction Type SXRD PXRD 
Space Group Cmca (No. 64) Cmca (No. 64) 
a (Å) 11.005(2) 10.954(5) 
b (Å) 21.517(4) 21.601(1) 
c (Å) 19.973(4) 19.963(7) 
V (Å3) 4730(2) 4724(4) 
Rpa 0.0448 0.1885 
Rwpb 0.1251 0.2385 
a
 Rp = Σ׀Io-Ic׀ / Σ׀Io׀ 
b
 Rwp = [Σw׀Io-Ic׀2 / w׀Io׀2]1/2 
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Figure 4.6.  The PXRD pattern of Cs0.85K2.15Fe3(AsO4)4 refined using the GSAS 
program including experimental (circles), calculated (red line), and difference (Iobs – 
Icalc/sig) (blue line) profiles. 
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Figure 4.7.  The UV-Vis diffuse reflectance of Cs0.85K2.15Fe3(AsO4). 
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Magnetic Susceptibility 
The magnetic susceptibility is used to prove the average oxidation state of Fe is 3+.  
The temperature-dependent magnetic measurements of Cs0.85K2.15Fe3(AsO4)4  reveal 
ferromagnetic transitions (Fig. 4.8) that are possibly due to the Fe-O-Fe configuration in 
the 8-membered rings described earlier.  The Curie-Weiss fit using χ = C/(T-θ) in the 150 
– 250K region results in a negative Weiss constant, θ = -39(2) K, hence suggesting that 
the overall high temperature spin exchange interactions are dominated by 
antiferromagnectic (AFM) coupling.  From the high-temperature susceptibility values, 
the effective magnetic moment is estimated to be µeff = 6.0(1), which is comparable with 
the µobs (µobs = 5.92), which shows that all the Fe sites contain Fe3+ ions.  For Fe3+ (d5), 
all of the d-orbitals are half filled, therefore there should only be spin contribution and the 
expected g value is 2.  The experimental g value is calculated from the µeff, which turns 
out to be 2.03(3), signifying that there is no orbital contribution, only spin contribution; 
thus proving evidence the Fe sites are d5 (Fe3+).  There is also a sharp antiferromagnetic 
around 30 K, which could be a result of the 8-membered iron ring.  Since there is an even 
number of irons with an angle larger then 90º, all of the spins are coupled in an 
antiferromagnetic manner. 
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Figure 4.8.  The plot of χ vs. χ-1 (top) and χ vs. χT (bottom) as a function of 
temperature for ground single crystals of Cs0.85K2.15Fe3(AsO4)4. 
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Ion Exchange 
The ion-exchange reactions were performed under mild hydrothermal conditions.  This 
was followed by conventional single crystal X-ray diffraction (SXRD) methods to find 
the distribution of the cations.  As demonstrated in the previous chapter, single crystalline 
products allow immediate evaluation of ion-exchange reactions.  Ion-exchange was 
carried out on single crystals (ca. 30 mg) of Cs0.85K2.15Fe3(AsO4)4 and Na3Fe3(PO4)4.  
When the crystals were removed, the morphology was still intact however, their 
crystallinity was decreased which is shown by the larger R values in Table 4.12.  For the 
Cs0.85K2.15Fe3(AsO4)4 phase, the crystal color was changed from light green to a dark 
amber color, which suggests a change in the oxidation state of the iron. 
The SXRD results of Cs0.85K2.15Fe3(AsO4)4 phase shows the Li+-exchanged product to 
be K0.84Li5.16Fe3(AsO4)4.  For the Na3Fe3(PO4)4 phase, the Li+-exchanged product shows to 
be Na2Li4Fe3(PO4)4.  This indicates that the Li+ cations are substituted for and distributed 
over both the K+ and the Cs+ sites in Cs0.85K2.15Fe3(AsO4)4 and the Na+ sites in 
Na3Fe3(PO4)4.  The ion-exchange reaction resulted in a Li-enriched phase where the slab 
structures remained intact.  Further examinations suggested a possible redox process as 
follows: 
4 A3Fe3(XO4)4  +  24 LiNO3  +  6 H2O → 4 Li6Fe3(XO4)4  +  12 ANO3  +  12 HNO3  +  
3 O2;  A/X = (Cs,K)/As; Na/P (eq. 4.1) 
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Table 4.12.  Crystallographic Data for the Li+-exchanged products, 
K0.84Li5.16Fe3(AsO4)4 and Na2Li4Fe3(PO4)4. 
Chemical Formula K0.84Li5.16Fe3(AsO4)4 Na2Li4Fe3(PO4)4 
Space Group Cmca (No.64) Cmca (No. 64) 
a (Å) 10.862(2) 10.675(2) 
b (Å) 21.445(4) 20.857(4) 
c (Å) 6.623(1) 6.420(1) 
V (Å3) 1542.7(5) 1429.34 
Z 4 4 
ρ(calc) (g/cm3) 3.402 1.647 
Linear abs. coeff. (mm-1) 9.894 3.624 
F000 1506 678 
T (K) 293 293 
Reflections collected 5728 5661 
Reflections unique 797 670 
Rint/Rsigmaa 0.0613/0.1996 0.0998/0.2670 
Secondary extinction NA 0.013(3) 
Parameters refined (restraints) 77 76 
Final R1/wR2/GOF (all data) 0.0621/0.2006/1.731 0.1011/0.2688/1.423 
Largest difference peak (e-/Å3) 2.556 3.168 
Largest difference hole (e-/Å3) -1.153 -1.002 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 4.13.  Bond Valence Sum of K0.84Li5.16Fe3(AsO4)4 and Na2Li4Fe3(PO4)4. 
 K0.84Li5.16Fe3(AsO4)4 Na2Li4Fe3(PO4)4 
Fe(1) 3.04 3.08 
Fe(2) 2.94 3.07 
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From this equation, one can account for the the redox chemistry that is occuring in the 
reaction.  What is believed to be oxided is the O2- anion in water molecules to O2, which 
subsequentially forms nitric acid as a result of released H+, see eq. 4.1.  To prove this 
hypothesis a pH test was preformed which shows a decrease in the pH in both reactions, 
from 6.5 to 4.5, signifying that an acid is formed.  To further prove that the reduction 
occurs, BVS was calculated using the SXRD data (Table 4.13) however, these results gave 
no indication of a reduction.  This could be attributed to the fact that the reaction 
temperature is too low to provide enough energy necessary for the atomic rearrangements 
due to the insertion of a smaller Li+ cation.  From here on only the arsenate analogue is 
discussed due to the availablity of the high yeild. 
The structural formula was confirmed via semiquantitative elemental analysis by the 
EDX method using a Hitachi S-3400 SEM equipped with an OXFORD EDX microprobe.  
The expected ions were seen, with the exception of Li, and thus the refined composition 
was then further confirmed to be K0.84Li5.16Fe3(AsO4)4.  This SXRD analysis suggests that 
the Cs+ sites and almost all the K+ sites were exchanged with Li+.  The data also indicates 
that these heavier cation sites are now fully occupied by an additional amount of Li+ 
cations, thus the cation concentrations are doubled  
Quantitative analysis employing Inductively Coupled Plasma Optical Emission 
Spectroscopy (ICPOES) was performed to determine the Li and Fe concentrations for the 
bulk material of K0.84Li5.16Fe3(AsO4)4.  ICPOES was performed via a JY ULTIMA 2 
plasma emission spectrometer using an argon flow for the plasma.  The solution was 
prepared by taking 6.4 mg of the polycrystalline sample and placing it in 10mL of 
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concentrated HNO3 until dissolved.  It was then diluted down using a 1% HNO3 solution to 
the appropriate concentration (1.92ppm for Li, 9.00 ppm for Fe) based on the chemical 
formula for the calculated SXRD Li+-exchanged product.  The resulting concentrations 
were obtained from the measurements using calibration curves (Figure 4.9).  They are 
within the range of standard deviations, 1.95(3) ppm for Li and 9.03(5) ppm for Fe, which 
are closely comparable with the values as calculated above. 
It was also noticed that the parent structure, Cs0.85K2.15Fe3(AsO4)4, contained a super 
cell.  The c-axis is tripled caused by the periodic array of disordered Cs+ and K+ cations.  
However, after the Li+-exchanged was performed it was observed that the super cell did not 
appear.  The Li+ sample had double the number of cations however, there were no new 
crystallographic sites.  This was caused by the Li+ cations occuping the same sites as the 
Cs+ and K+, but the Li+ cations are 100% occupied.  This would eliminate the super cell and 
further prove the insertion of additional Li+ cations causing a  reduction of the iron. 
The next method confirms the redox occuring is by means of magnetic susceptibility 
measurements via Superconducting Quantum Interference Device (SQUID) data.  The 
magnetic susceptibility of Cs0.85K2.15Fe3(AsO4)4 and K0.84Li5.16Fe3(AsO4)4 were measured 
and compared (Fig 4.10).  The high temperature region (50-200 K) is used because there is 
less coupling, more paramagnetic behavior, therefore allowing for the observation of the 
actual number of unpaired electrons.  The Curie-Weiss Law9 is used to calculate the 
expected Curie constant; d5 = 5.91, d6 = 4.90.  The experimental values revealed that 
Cs0.85K2.15Fe3(AsO4)4 is comparable with the d5 showing a value of 6.2(9) and 
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K0.84Li5.16Fe3(AsO4)4 is comparable with the d6 showing a value of 4.5(5), therefore this 
further suggests the reduction of the iron is true.   
X-ray Photoemission Spectroscopy (XPS) was then employed to investigate the 
oxidation state of the Fe cations in both Cs0.85K2.15Fe3(AsO4)4 and K0.84Li5.16Fe3(AsO4)4.  
The high-resolution Fe(2p) scans are shown in Fig. 4.11, where two peaks are present in 
both samples to show the oxidation state of the Fe.  The core line scans of the samples 
show peaks around 709 and 721 eV.  The standard binding energy of Fe2+ is 709.8 eV.14  It 
can also be seen that all of the core line scans within each structure have a profile fitting 
that matches with the other Fe sites in the structure.  As seen in the figure, the intensity of 
the peak at 709 eV increases in the Li+-exchanged sample, signifing a larger percentage of 
Fe2+ in the sample and further confirming the reduction of the iron. 
High resolution neutron powder diffraction was then performed to further give evidence 
of the change of the Fe oxidatioin state and the position of the Li+ cations.  Neutrons 
interact with matter differently than X-rays.  X-rays interact primarily with the electron 
cloud surrounding each atom.  The contribution to the diffracted X-ray intensity is therefore 
larger for atoms with a large atomic number (Z) than for atoms with a small Z.  On the 
other hand, neutrons interact directly with the nucleus of the atom, this produces isotropic 
scattering because the atomic nucleus is essentially a point scatterer relative to the 
wavelengths of thermal neutrons.  Strong resonances associated with the scattering process 
prevent any regular variation of the nuclear scattering amplitudes with atomic number.15  
The scattering length varies from isotope to isotope rather than linearly with the atomic 
 186 
number.  Lithium is found to be a good scatterer of neutrons, therefore the neutron analysis 
would allow the determination of the exact position and quantity of lithium in the samples. 
The powder neutron diffraction was collected using the BT-1 diffractometer at the NIST 
center for neutron research, Gaithersburg, MD.16  In these samples the structural refinement 
results (Table 4.14, Fig. 4.12) show the solution of the SXRD to be correct, however the 
neutron data shows a small amount more of the Li:K ratio (5.21:0.79), which is still within 
the standard deviation.  This can be explained by that the polycrystalline sample, which 
was used for the neutron analysis, having a two orders of magnitude larger surface area and 
can allow for more Li to diffuse into the sample, whereas the SXRD solution was based on 
a single crystal ion exchanged product (millimeter sized).  From these results we can 
definitively conclude that the Fe reduction is occuring.  The neutron data was also used to 
confirm the positions of the Li+ cations.  In the refinement of the neutron data it was seen 
that the additional Li+ cations were in the K+ and Cs+ positions and were fully occuping the 
sites as opposed to Cs0.85K2.15Fe3(AsO4)4 which only had 50% occupancy of the A site 
cations. 
 
 
 
 
 187 
 
 
y = 13714x - 1304.8
0
20000
40000
60000
80000
100000
120000
140000
160000
0 1 2 3 4 5 6 7 8 9 10
Concentration (ppm )
In
te
n
sit
y 
(a.
u
.
)
Li Calibration Curve
*
 
 
y  =  1 4 5 8 9 0 x  +  1 0 6 3 0
0
2 0 0 0 0 0
4 0 0 0 0 0
6 0 0 0 0 0
8 0 0 0 0 0
1 0 0 0 0 0 0
1 2 0 0 0 0 0
1 4 0 0 0 0 0
1 6 0 0 0 0 0
0 1 2 3 4 5 6 7 8 9 1 0
C o n c e n tra tio n  (p p m )
In
te
n
sit
y 
(a.
u
.
)
Fe Calibration Curve
*
 
Figure 4.9.  ICP results for the concentration of Li and Fe in 
K0.84Li5.16Fe3(AsO4)4.  The Li position on the calibration curve for Li is marked 
by a red * at 1.95(3)ppm.  The Fe position on the Fe calibration curve is 
marked by a blue * at 9.03(5)ppm. 
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Figure 4.10.  The comparison of Cs0.85K2.15Fe3(AsO4)4 (open circle) and 
K0.84Li5.16Fe3(AsO4)4 (closed circle) using the plot of χ as a function of 
temperature for ground single crystals of each. 
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Cs0.55K2.45Fe3(AsO4)4
K0.84Li5.16Fe3(AsO4)4
 
 
Figure 4.11  The XPS results of Cs0.85K2.15Fe3(AsO4)4  (top) and 
K0.84Li5.16Fe3(AsO4)4 (bottom), showing the peaks that signify the Fe oxidation 
state; Fe3+ at 721eV and Fe2+ at 709eV. 
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Table 4.14  The crystallographic data from the refined profiles of 
Cs0.85K2.15Fe3(AsO4)4 and Li5.16K0.84Fe3(AsO4)4 via neutron diffraction studies. 
 
Chemical formula Cs0.85K2.15Fe3(AsO4)4 
Crystal color, shape tan, polycrystalline 
Formula weight (g/mol) 920.24 
Space group Cmca 
a (Å) 10.982(1) 
b (Å) 21.460(2) 
c (Å) 19.952(2) 
V (Å3) 4702.3(9) 
Ζ 4 
ρ(calc) (g/cm3) 4.092 
wRp/Rp 0.1213/0.0955 
 
Chemical formula Li5.21K0.79Fe3(AsO4)4 
Crystal color, shape orange, polycrystalline 
Formula weight (g/mol) 791.87 
Space group Cmca 
a (Å) 10.929(2) 
b (Å) 21.429(4) 
c (Å) 6.639(1) 
V (Å3) 1554.8(5) 
Ζ 4 
ρ(calc) (g/cm3) 3.376 
wRp/Rp 0.0696/0.0554 
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Figure 4.12  The high resolution neutron powder diffraction patterns were run for 
18 hours each and were refined using the GSAS program.  The resulted powder 
patterns of Cs0.85K2.15Fe3(AsO4)4 (top) and the Li5.16K0.84Fe3(AsO4)4 (bottom) are 
shown above; experimental (circles), calculated (red line), and difference (Iobs – 
Icalc/sig) (blue line).  There are extra peaks in each of the powder patterns possibly 
due to either unidentified impurity phases or, in the Li5.16K0.84Fe3(AsO4)4 case, a 
lowering of symmetry. 
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From all of the above results, it can be concluded that the large cations can allow for 
Li+-exchange, and possibly to induce subsequent Li+-insertion.  This exchange is due to 
the weak A-O bonding in the channel structure, which can be explained by the 
Kapustinski equation.17  In this equation, U0 = [(120,200υZ+Z-)/r0] × [1-(34.5/r0)], the 
lattice energy is inversely proportional to the size of the atom; the larger the A-site cation, 
the longer the A-O distance, the smaller the lattice energy.  Therefore, allowing for ease 
of lithium cations to push their way into the structure.  The difference in space will then 
be used for additional Li+ cations.  Regardless, the ion-exchange and reduction insertion 
take place at once in the presence of 1000 × [Li] in excess.  
Electrochemical Testing 
The next step would be to see how well these compounds act as cathode materials.  
The ion-exchanged sample Li5.16K0.84Fe3(AsO4)4 was sent off to the Argonne National 
Laboratory for battery testing. 
Electrochemically, 0.4 lithium atoms per formula unit could be cycled into/out of the 
structure and the Fe3+/Fe2+ redox couple is found to be located at 2.8 V (Figs. 4.13 – 
4.14).  The host framework of Li5.16K0.84Fe3(AsO4)4 contains FeO6 octahedra bridged by 
arsenate groups.  Each octahedron is linked to six AsO4 tetrahedra belonging to five 
different arsenate groups; each FeO6 octahedron also shares four corners with different 
FeO6 octahedra, forming an [Fe5As6O32] unit (Fig. 4.15).  It has been reported previously 
that sharing between FeO6 octahedra lowers the Madelung energy6, which lowers the 
energy of the Fe3+/Fe2+ redox couple and thus generates a higher open-circuit voltage 
(OCV).5  In Li5.16K0.84Fe3(AsO4)4 there is corner-sharing of the FeO6 octahedra, therefore 
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allowing for the increased OCV compared to no Fe-O-Fe connectivity.  The difference 
between the known LiFePO4 and Li5.16K0.84Fe3(AsO4)4, which effects the lowering of 
energy, is the degree of FeO6 sharing.  In LiFePO4, there is extensive edge-sharing which 
has a greater effect on the Madelung energy.  Therefore, the lower OCV in 
Li5.16K0.84Fe3(AsO4)4 is caused by a slightly higher Madelung energy of corner-sharing 
FeO6 groups. 
Another factor that affects the open circuit voltage is the degree of the induction effect.  
Therefore, to have the greatest amount of electron pull away from the iron, it requires that 
all of the oxygen of the AsO4 tetrahedra are bond to the oxygen of the iron.18  This 
structure contains Fe-O-As-O-Fe bonding where three of the AsO4 tetrahedra are 
coordinated by four FeO6 octahedra.  However, two AsO4 tetrahedra are linked to only 
three FeO6 octahedra, therefore leaving one terminal oxygen.  These terminal oxygen do 
not generate a pull of electron density away from the iron, thus will decrease the open 
circuit voltage.  One last observation was the comparison of arsenate with phosphate for 
the induction effect.  Phosphorus and arsenic have very similar electro-negativities, 
however phosphorus is smaller in size therefore has a slightly larger inductive effect on 
the Fe-O bond. 
This relatively low to no capacity is a puzzle.  One hypothesis for that could be the 
environment of the lithium (Fig. 4.16).  Li(1) has six oxygen in its coordination sphere 
and Li(2) has only 5 oxygen in its coordination sphere.  Li(1) is the more likely candidate 
to be exchanged due to its coordination; however it has 60% occupancy, therefore would 
only account for a small percentage of lithium that could be exchanged therefore causing 
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low capacity.  Another hypothesis is that the presence of the K+ hinders the movement of 
the Li+ cations.  A method to prove this would be to study the solid solution series to see 
first which ratio of Cs:K would allow the most lithium into the structure.  From the 
results, it is expected that the higher number of Cs+ cations the more the Li+ cations will 
exchange into the framework due to the large opening and weak Cs-O bond.  It would be 
interesting to see if the capacity would improve with the larger (or a complete) amount of 
Li+ cations in the channels.  As stated in the chapter 3, the capacity is also dependent on 
the particle size; therefore, if the capacity is improved upon complete Li-exchange, one 
could study the role of the particle size to OCV.  One other improvement on this material 
would be to anneal the sample before testing.  As shown in chapter 3, using LiNO3 allows 
water to get into the structure, thus lowering the amount of void space for Li+ cations to 
be inserted into the structure.  Therefore, if the material was anneal and all of the water 
was removed, this should allow for a better cycling of the lithium. 
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Figure 4.13.  The capacity curve showing the capacity drop upon cycling. 
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Figure 4.14.  The voltage curve of Li5.16K0.84Fe3(AsO4)4 showing the reoccurring 
oxidation of the Fe at 2.8 V.   
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Figure 4.15.  The [Fe5As6O32] unit showing one terminal oxygen atom, O(15), that is 
not bonded to Fe on each of the two As(1)O4.  
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Figure 4.16.  The environment of the lithium in Li5.16K0.84Fe3(AsO4)4. 
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Synthesis and Characterization of KFe3(AsO4)3 
Synthesis 
While layered compounds are more susceptible for concomitant Li+-
exchange/insertion, the channeled compounds are rather scarce due to limited open space.  
It has been shown before that channeled structures can allow for Li+-exchange, and when 
space is available, redox insertion using n-butyl lithium is possible4.  The title compound 
is another example of a channel structure which allows concomitant ion-exchange and 
reduction insertion.  This compound will allow for an interesting study of properties that 
govern controlled ion-exchange and reduction insertion in channel structures.   
KFe3(AsO4)3 was synthesized in a molten-salt medium where sizable crystals (in black 
color) of KFe3(AsO4)3 were grown in plate-like morphologies in a fused silica ampoule 
under vacuum.  In an exploratory reaction designed to synthesize “K4Fe5(AsO4)6”, a 
mixture of KO2 (0.08 mmol), Fe2O3 (0.04 mmol), FeO (0.01 mmol), and As2O5 (0.12 
mmol) (ca. 0.25 g) was used with a flux of KCl in a 3:1 charge to flux ratio by weight.  
and ground in a nitrogen-blanketed drybox.  The mixture was heated to 300°C at 1°C per 
minute and isothermed for 6 hours then, heated to 950°C at 1°C per minute, isothermed 
for 3 days, followed by slow cooling to 400°C at 0.1°C per minute to promote crystal 
growth then furnace cooled to room temperature.  The black colored crystals were 
retrieved upon washing with deionized water.  Ca. 90% yield of the compound was 
obtained. 
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Characterization 
Single Crystal X-Ray Diffraction 
Black plate crystals from various reactions were selected under an optical microscope 
equipped with a polarized light attachment and mounted on glass fibers for single-crystal 
X-ray diffraction study.  The single crystal data correction was run in the same manner as 
described above.  The crystallographic data for KFe3(AsO4)3 is summarized in Table 
4.15, its atomic coordinates, anisotropic thermal parameters, and selected bond distances 
and angles are listed in Tables 4.16, 4.17, and 4.18. 
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Table 4.15 Crystallographic Data for KFe3(AsO4)3 
Chemical formula KFe3(AsO4)3 
Crystal color, shape black, plate 
Crystal size (mm) 0.23 × 0.28 × 0.19 
Formula weight (g/mol) 623.39 
Space group Imma (no. 74) 
a (Å) 10.807(2) 
b (Å) 13.612(3) 
c (Å) 6.676(1) 
V (Å3) 982.0(3) 
Z 4 
ρ(calc) (g/cm3) 2.994 
Linear abs. coeff. (mm-1) 10.974 
F000 824 
T (K) 293(2) 
Reflections collected 4090 
Reflections unique 542 
Rint/Rsigmaa 0.0288/0.0738 
Final R1/wR2/GOF (all data) 0.0297/0.743/1.182 
Largest difference peak (e-/Å3) 1.236 
Largest difference hole (e-/Å3) -0.891 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 4.16 Atomic Coordinates and Equivalent Displacement Parameters for 
KFe3(AsO4)3. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
K 4e 1.0 0 1/4 0.5839(3) 0.0134(9) 
As(1) 4e 1.0 0 1/4 0.0754(1) 0.0049(4) 
As(2) 8g 1.0 1/4 0.57240(4) 1/4 0.0071(4) 
Fe(1) 4a 1.0 0 1/2 0 0.0054(6) 
Fe(2) 8g 1.0 1/4 0.36398(6) 1/4 0.0071(5) 
O(1) 8h 1.0 0 0.3524(3) -0.0623(6) 0.012(2) 
O(3) 16j 1.0 0.2857(3) 0.6386(2) 0.0494(5) 0.016(2) 
O(2) 8i 1.0 0.1246(4) 1/4 0.2297(6) 0.004(2) 
O(4) 16j 1.0 0.1349(2) 0.4868(2) 0.2053(5) 0.006(1) 
 
Table 4.17 Anisotropic thermal parameters (U × 103) for KFe3(AsO4)3 
 U11 U22 U33 U23 U13 U12 
K 13(1) 23(1) 10(1) 0 0 0 
As(1) 5(1) 9(1) 7(1) 0 0 0 
As(2) 7(1) 8(1) 7(1) 0 -1(1) 0 
Fe(1) 5(1) 9(1) 9(1) 1(1) 0 0 
Fe(2) 7(1) 9(1) 9(1) 0 -1(1) 0 
O(1) 12(2) 10(2) 11(2) 2(2) 0 0 
O(3) 17(2) 14(2) 9(1) 3(1) 1(1) -4(1) 
O(2) 4(2) 24(2) 10(2) 0 -3(2) 0 
O(4) 6(1) 10(1) 14(1) 0(1) -3(1) -1(1) 
 
Table 4.18 Selected bond distances and angles for KFe3(AsO4)3 
As(1)-O(1)#1 1.669(4) Fe(1)-O(4)#13 2.009(3) 
As(1)-O(1) 1.669(4) Fe(1)-O(4)#14 2.009(3) 
As(1)-O(2) 1.696(4) Fe(1)-O(1) 2.052(4) 
As(1)-O(2)#1 1.696(4) Fe(1)-O(1)#12 2.052(4) 
As(2)-O(3)#9 1.660(3) Fe(2)-O(3)#13 2.036(3) 
As(2)-O(3) 1.660(3) Fe(2)-O(3)#5 2.036(3) 
As(2)-O(4) 1.730(3) Fe(2)-O(2) 2.064(3) 
As(2)-O(4)#9 1.730(3) Fe(2)-O(2)#15 2.064(3) 
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Fe(1)-O(4)#12 2.009(3) Fe(2)-O(4)#9 2.105(3) 
Fe(1)-O(4) 2.009(3) Fe(2)-O(4) 2.105(3) 
O(1)#1-As(1)-
O(1) 113.2(3) O(4)-Fe(1)-O(1)#12 87.10(12) 
O(1)#1-As(1)-
O(2) 109.55(11) 
O(4)#13-Fe(1)-
O(1)#12 92.90(12) 
O(1)-As(1)-O(2) 109.55(11) 
O(4)#14-Fe(1)-
O(1)#12 87.10(12) 
O(1)#1-As(1)-
O(2)#1 109.55(11) O(1)-Fe(1)-O(1)#12 180.00(5) 
O(1)-As(1)-
O(2)#1 109.55(11) O(3)#13-Fe(2)-O(3)#5 178.03(17) 
O(2)-As(1)-
O(2)#1 105.2(3) O(3)#13-Fe(2)-O(2) 92.70(15) 
O(3)#9-As(2)-
O(3) 114.2(2) O(3)#5-Fe(2)-O(2) 85.82(15) 
O(3)#9-As(2)-
O(4) 109.74(16) 
O(3)#13-Fe(2)-
O(2)#15 85.82(15) 
O(3)-As(2)-O(4) 113.18(15) O(3)#5-Fe(2)-O(2)#15 92.70(14) 
O(3)#9-As(2)-
O(4)#9 113.18(15) O(2)-Fe(2)-O(2)#15 82.54(18) 
O(3)-As(2)-
O(4)#9 109.74(16) O(3)#13-Fe(2)-O(4)#9 92.34(13) 
O(4)-As(2)-
O(4)#9 95.33(19) O(3)#5-Fe(2)-O(4)#9 89.23(12) 
O(4)#12-Fe(1)-
O(4) 180.00(17) O(2)-Fe(2)-O(4)#9 173.75(13) 
O(4)#12-Fe(1)-
O(4)#13 93.04(18) O(2)#15-Fe(2)-O(4)#9 101.52(12) 
O(4)-Fe(1)-
O(4)#13 86.96(18) O(3)#13-Fe(2)-O(4) 89.23(12) 
O(4)#12-Fe(1)-
O(4)#14 86.96(18) O(3)#5-Fe(2)-O(4) 92.34(13) 
O(4)-Fe(1)-
O(4)#14 93.04(18) O(2)-Fe(2)-O(4) 101.52(12) 
O(4)#13-Fe(1)-
O(4)#14 180.00(17) O(2)#15-Fe(2)-O(4) 173.75(13) 
O(4)#12-Fe(1)-
O(1) 87.10(12) O(4)#9-Fe(2)-O(4) 74.85(15) 
O(4)-Fe(1)-O(1) 92.90(12) O(3)#13-Fe(2)-As(2) 90.99(8) 
O(4)#13-Fe(1)-
O(1) 87.10(12) O(3)#5-Fe(2)-As(2) 90.99(8) 
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O(4)#14-Fe(1)-
O(1) 92.90(12) O(2)-Fe(2)-As(2) 138.73(9) 
O(4)#12-Fe(1)-
O(1)#12 92.90(12) 
    
Symmetry transformations used to generate equivalent atoms: 
#1 -x,-y+1/2,z #2 x,y,z+1 
#3 -x,-y+1/2,z+1 #4 
x-1/2,y-
1/2,z+1/2 
#5 -x+1/2,-y+1,z+1/2 #6 
x-1/2,-
y+1,z+1/2 
#7 -x+1/2,y-1/2,z+1/2 #8 x,y,z-1 
#9 -x+1/2,y+0,-z+1/2 #10 
x+1/2,y+1/2,z-
1/2 
#11 -x,-y+1,-z+1 #12 -x,-y+1,-z 
#13 x,-y+1,-z #14 x,y,z 
#15 -x+1/2,-y+1/2,-z+1/2 #16 
-x+1/2,-y+1,z-
1/2 
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Powder X-Ray Diffraction 
In order to synthesize this structure in a larger quantity for ion-exchange, a 
stiochiometric yield is synthesized for KFe3(AsO4)3.  Polycrystalline samples of 
KFe3(AsO4)3 were attempted in an open system from the mixture of K2CO3 (0.01 mmol), 
FeO (0.02 mmol), Fe2O3 (0.02 mmol), and (NH4)H2AsO4 (0.06 mmol).  These reactants 
were ground together in air then the mixture was loaded into an alumina crucible.  The 
reaction was heated to 300°C at a rate of 2°C/min and held at that temperature for 6hrs, to 
prevent the As2O5 from decomposing6.  Then the reaction was heated to 800°C at a rate 
of 2°C/min and held at that temperature for 2 days before being furnace cooled to room 
temperature.  The sample was subject to regrind/reheat three times to increase the 
crystallinity and the yield of the product.  However, the attempt to synthesize a bulk 
powder in an open system from the stiochiometric reaction was not capable, as seen from 
the PXRD pattern (Fig. 4.17).  This could be due to the Fe2+ getting oxidized to Fe3+ 
oxidation state due to the oxygen present in an open-air reaction.  However, one can 
notice the low angle peaks which signify a large unit cell structure.  From the research 
done in our group, it can be speculated that it forms a salt included compound.  However, 
no salt was used in this reaction; therefore the CO2 could be the molecule that is in the 
open-framework to give the large unit cell.  The X-ray powder diffraction data was 
collected on a Scintag XDS 2000 diffractometer with Cu Kα radiation in the 2θ range 2-
65° at a step size of 0.03° at room temperature. 
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Figure 4.17.  PXRD of KFe3(AsO4)3 (top) showing not to match to the calculated 
pattern (bottom). 
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Magnetic Properties Measurement 
In order to provide evidence that the Fe sites are mixed, 3+/2+, the magnetic 
susceptibility was measured.  A Quantum Design SQUID MPMS-5S magnetometer was 
employed to measure the magnetic susceptibility of KFe3(AsO4)3.  The data of the 
magnetic moment were collected from 2 to 300 K in the applied field of H = 0.5T.  
Selected crystals were ground and placed in a gel capsule sample holder for the 
measurements.  The sample mass for KFe3(AsO4)3 was 2.6 mg.  The magnetic 
susceptibility was corrected for the gel capsule and core diamagnetism with the Pascal’s 
constant.12 
Results and Discussion 
Synthesis and Structure 
The title compound was isolated by traditional high-temperature, solid-state methods 
employing a eutectic salt flux.  The as-prepared crystals are black hexagonal plates.  As 
shown in Table 4.13, KFe3(AsO4)3 crystallizes in the orthorhombic space group Imma 
(no. 74) with unit cell dimensions of a = 10.807(2) Å, b = 13.612(3) Å, c = 6.676(2) Å, 
and V = 982.0(3) Å3.  The X-ray single crystal structure reveals a three-dimensional 
framework that consists of interconnected channels where the K+ cations reside (Figs. 
4.18-4.21).  Figure 4.18 shows the Fe-O-As framework consisting of channels along the b 
axis.  The large channel where the K+ resides consists of a six-membered ring formed by 
corner-shared FeO6 and AsO4 polyhedra.  The average bond length of the Fe-O is 2.05(3) 
Å and the As-O is 1.69(2) Å, which are comparable with the sum of Shannon crystal 
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radii13 (Fe-O = 2.03 Å, As-O = 1.69 Å).  The intersecting channel along the a-axis 
(shown in Fig. 4.19) consists of a “ten-membered” ring with respect to the corner- and 
edge-shared FeO6.  Inside of this ten-membered ring, the K+ cations are surrounded by 
isolated AsO4 tetrahedra units, where there is a four-membered ring with respect to the 
edges of the AsO4 tetrahedral ring.  The average K-O distance is 2.75 Å, slightly smaller 
than the value of the sum of corresponding Shannon crystal radii, 2.86 Å.  However, 
since the potassium is bonded to oxygen of the AsO4 and FeO6 groups, the potassium 
cations are unable to exchange out of their sites (Fig. 4.20).  However, due to the large 
size of the channels, additional Li+ cations can be inserted without the need for the K+ 
cations to exit the structure. 
One similarity to the compound talked about earlier in this chapter is the iron-oxide 
framework.  It also consists of layers of corner-shared 8-membered iron-oxide rings, 
however in this compound the layers are connected to each other by edge-sharing of the 
FeO6 (Fig. 4.21) to form a channel rather then a layer.  The Fe-Fe distance of the corner-
shared octahedra has a distance of 3.675 Å.  However, the Fe-Fe distance of the edge-
shared octahedral has a shorter distance of 3.105 Å, corresponding to the smaller Fe-O-Fe 
angle (97.76(1)º).  These edge-sharing FeO6 groups should decrease the Madelung 
energy, thus should increases the OCV.  This compound also has several interesting 
magnetic behaviors which are discussed later in the chapter. 
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Magnetic Susceptibility 
The temperature-dependent magnetic measurements of KFe3(AsO4)3 reveal a 
ferromagnetic transition around 250K and a saturation of the magnetic moment at 50K 
(Fig. 4.22).  This is due to the corner- and edge-sharing of the FeO6 octahedra, as 
described earlier.  This allows for the coupling of the spins and a ferromagnetic transition 
to occur.  The Curie-Weiss fit using χ = C/(T-θ) in the 150 – 250K region results in a 
positive Weiss constant, θ = 80(4) K, hence suggesting that the overall high temperature 
spin exchange interactions are dominated by ferromagnetic (FM) interactions.  From the 
high-temperature susceptibility values, the effective magnetic moment is estimated to be 
µeff = 5.3(5), which is in between the values for the µobs for Fe3+ (µobs = 5.91) and Fe2+ 
(µobs = 4.90), which shows that the Fe sites contain mixed Fe3+ and Fe2+ ions.  The field 
sweep was done at 30, 60, 200, 260, and 300 K which all resulted in a hysteresis loop, 
suggesting the ferromagnetic coupling was occurring at those temperatures.  The 
hysteresis was largest at 30 K, with a coercive field of 300 Oe (Fig. 4.23).  However, the 
hysteresis at 30K has a biase, which arises due to inhomogeneous distribution of the 
magnetic atoms. 
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Figure 4.18.  Mixed polyhedral (FeO6) and ball/stick (PO4) representation showing 
the projected view of the KFe3(AsO4)3 structure along b. 
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Figure 4.19. Mixed polyhedral (FeO6) and ball/stick (PO4) representation showing 
the projected view of the KFe3(AsO4)3 structure along a. 
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Figure 4.20.  The intersecting channels along the b and a axis, respectively.  
The Channel along the b axis consists of a 6-membered ring, where the 
channel along the a axis consists of a 4-membered ring. 
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edge-sharing
8-membered rings
 
 
Figure 4.21. Two 8-membered rings edge-shared to form the channel in which 
the K+ cation resides.  
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Figure 4.22.  The plot of χ vs. χ-1 (top) and χ vs. χT (bottom) as a function of 
temperature for ground single crystals of KFe3(AsO4)3. 
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Figure 4.23.  The field sweep of KFe3(AsO4)3 at 30K (black squares) and 60K 
(red circles) showing a coercive field of 250 Oe.   
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Ion Exchange 
To acquire a timely evaluation, as mentioned previously, the ion-exchange reactions 
were preformed under mild hydrothermal conditions on single crystals.  This was 
followed by conventional single crystal X-ray diffraction (SXRD) methods to find the 
distribution of the cations.  As demonstrated in the chapter 3, single crystalline products 
allow immediate evaluation of ion-exchange reactions.  When the crystals were removed 
from the hydrothermal reactor, the morphology was still intact.  However, their 
crystallinity was decreased which is indicated by the larger R value and high standard 
deviations as shown in Tables 4.19, 4.20, and 4.21.  From the single crystal X-ray results, 
the structural framework is intact.  However, now there is an additional crystallographic 
site within the channels due to the insertion of the Li+ cations (Fig. 4.24). 
The SXRD results of KFe3(AsO4)3 phase shows the Li+-inserted product to be 
KLi2Fe3(AsO4)3.  The structure indicates that the K+ cations remain in the same postion 
while the Li+ cations are inserting into new sites in the structure.  This is possible because 
the large channels created by the K+ cations.  The Li+ cations are located in the same 
channel as the K+ cations and are alternated down the channel between the K+ cations.  The 
ion-insertion reaction resulted in a reduced Fe(II)-containing phase where the structure 
remains intact.  Further examinations suggests similar redox chemistry was explained 
earlier in this chapter with the equation: 
 
2 KFe3(AsO4)3  +  4 LiNO3  +  2 H2O → 2 KLi2Fe3(AsO4)4  +  4 HNO3  +  O2 (eq. 4.2) 
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As mentioned earlier, one can notice that the redox chemistry is occuring in the reaction, 
where the O2- is oxidized to O2 which subsequentially allows the formation of nitric acid 
with the proton from the water molecules (eq. 4.2).  To prove if the acid was formed a pH 
test was performed which shows a decrease in the pH in the reaction, from 6.7 to 4.5, 
signifying that an acid is formed.   
The structural formula was confirmed via semiquantitative elemental analysis by the 
EDX method using a Hitachi S-3400 SEM equipped with an OXFORD EDX microprobe.  
The expected ions were seen, with the exception of Li.  The SXRD analysis suggests that 
the K+ sites were remaining, therefore it is difficult to conclude that the Li+ is being 
inserted from this data.   
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Table 4.19 Crystallographic Data for KLi2Fe3(AsO4)3 
Chemical formula KLi2Fe3(AsO4)3 
Crystal color, shape black, plate 
Crystal size (mm) 0.23 × 0.28 × 0.19 
Formula weight (g/mol) 637.28 
Space group Imma (no. 74) 
a (Å) 10.924(4) 
b (Å) 13.640(5) 
c (Å) 6.682(1) 
V (Å3) 995.6(6) 
Z 4 
ρ(calc) (g/cm3) 4.158 
Linear abs. coeff. (mm-1) 14.298 
F000 1168 
T (K) 293(2) 
Reflections collected 3976 
Reflections unique 488 
Rint/Rsigmaa 0.2121/0.2003 
Final R1/wR2/GOF (all data) 0.2012/0.5434/2.636 
Largest difference peak (e-/Å3) 4.560 
Largest difference hole (e-/Å3) -4.894 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 4.20 Atomic Coordinates and Equivalent Displacement Parameters                       
for KLi2Fe3(AsO4)3. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
K 4e 1.0 0 1/4 0.586(4) 0.07(1) 
Li 8f 1.0 0.115(12) 0 1/2 0.03(6) 
As(1) 4e 1.0 0 1/4 0.083(1) 0.006(4) 
As(2) 8g 1.0 1/4 -0.0734(5) 1/4 0.021(4) 
Fe(1) 4a 1.0 0 0 0 0.039(7) 
Fe(2) 8g 1.0 1/4 0.3621(6) 1/4 0.025(5) 
O(1) 8h 1.0 0 0.153(2) -0.052(4) 0.02(1) 
O(2) 8i 1.0 0.120(3) 1/4 0.222(5) 0.01(1) 
O(3) 16j 1.0 0.282(4) -0.142(2) 0.042(5) 0.06(2) 
O(4) 16j 1.0 0.133(3) 0.014(3) 0.207(5) 0.02(1) 
 
Table 4.21 Anisotropic thermal parameters (U × 103) for KLi2Fe3(AsO4)3 
 U11 U22 U33 U23 U13 U12 
K 8(2) 9(2) 3(1) 0 0 0 
Li 3(6) 1(1) 1(4) 2(6) 0 0 
As(1) 6(4) 26(4) 12(5) 0 0 0 
As(2) 21(4) 37(4) 21(4) 0 -1(2) 0 
Fe(1) 39(7) 29(6) 13(6) -4(4) 0 0 
Fe(2) 25(5) 25(5) 30(6) 0 0(3) 0 
O(1) 2(2) 2(1) 0 0 0 0 
O(2) 1(1) 8(3) 0 0 0 0 
O(3) 6(2) 2(1) 4(2) 1(1) 0 8(1) 
O(4) 2(1) 6(2) 4(2) 2(2) -3(1) 0 
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Figure 4.24.  Ball/stick representation of (FeO6) and (PO4) showing the projected 
view of the KLi2Fe3(AsO4)3 structure along b with the additional Li+ sites. 
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Quantitative analysis employing Inductively Coupled Plasma Optical Emission 
Spectroscopy (ICPOES) was also performed to determine the Li and Fe concentrations for 
the crystals of KLi2Fe3(AsO4)3.  The solution was prepared by taking 3.5 mg of the 
polycrystalline sample and placing it in 10mL of concentrated HNO3 until dissolved.  It 
was then diluted down using a HNO3 solution to the appropriate concentration (1.84ppm 
for Li, 9.00 ppm for Fe) based on the chemical formula for the calculated SXRD Li+-
exchanged product.  The resulting concentrations were obtained from the measurements 
using calibration curves showing, within the range of standard deviations, 1.85(4) ppm for 
Li and 9.03(4) ppm for Fe closely comparable with the values as calculated above.  This 
concludes the concentration of lithium within the sample. 
Due to the lack of a stiochiometric yeild, electrochemical testing has not been 
performed.  However, what is expected to be seen is a higher voltage and capacity than 
Li5.16K0.84Fe3(AsO4)4 phase.  The reason for the higher voltage is the edge-shared FeO6 
octahedra, which lower the Madelung energy for optimal OCV.7  The AsO4 tetrahedra 
oxygen are also all bound to irons, therefore maximizing the inductive effect for a higher 
voltage (Fig. 4.25).  The capacity will also be maximized by the environment of the K+ and 
Li+ cations (Fig. 4.26).  There are 4 oxygen in the Li coordination sphere with an average 
bond distance of 2.12 Å, which is longer then the Shannon crystal radii of 1.94 Å.  Thus, 
with the longer bond distances of the Li-O will make the easier for Li+ cations to be cycled 
into and out of the structure. 
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Figure 4.25.  Connectivity of the AsO4 and Fe with no terminal oxygen. 
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Figure 4.26.  Environment of the Li and K in KLi2Fe3(AsO4)3. 
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Conclusions 
In summary, two new iron polyanion compounds, A3Fe3(XO4)4 and KFe3(AsO4)3, 
which exhibit similar open-framework structures with respect to the Fe-O network, were 
isolated in molten halide flux medias.  The Cs0.85K2.15Fe3(AsO4)4 phase contains an 
interesting layered structure in that it is shaped around the Fe-O network.  The Fe-O 
network consists of corner-shared 8-membered Fe-O rings.  The arrangement of the Fe-O 
rings allows for interesting magnetic behavior, such as a ferromagnetic transition at a 
high temperature (~250K) and another ferromagnetic transition at lower temperature 
(~30K).  Both of these transitions give rise to a hysteresis loop, where the 30K transition 
has a larger coercive field.  The KFe3(AsO4)3 phase possesses a similar metal network 
made of corner-shared 8-membered Fe-O rings, except in this structure they are edge-
shared to form a channeled structure.  This phase also gives interesting magnetic behavior 
due to connectivity and angles of the Fe-O-Fe lattices.  
One striking feature of these compounds is that they allow for facile ion-insertion.  
KFe3(AsO4)3 performs ion-insertion, however the K cation that is in the structure is not 
removed.  But in Cs0.85K2.15Fe3(AsO4)4, it performs concomitant Li+-exchange/redox 
insertion.  The insertion of additional Li+ cations causes the reduction of the Fe3+, which 
was confirmed using several techniques as described above.  In both cases, the 
insertion/exchange of Li+ cannot be stopped until the complete reduction of Fe is done. 
The Li5.16K0.84Fe3(AsO4)4 was studied for its electrochemical properties.  It shows to 
be able to reversibly cycle 0.4 lithium atoms per formula unit with a voltage of 2.8V.  
The capacity that was resultant of the 0.4 lithium was very low (11 mAh/g) for the best 
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cycle.  It is suggested that the lithium environment and Li-O distances were the cause of 
the low capacity; however it gave us insight on the importance of the role that the 
geometry of the lithium plays.  It also demonstrated the effect of both the connectivity of 
the Fe-O-Fe and the Fe-O-As.  Li5.16K0.84Fe3(AsO4)4 has only corner-shared Fe-O-Fe 
linkages which give rise to a stronger Madelung energy, which in turn gives a lower 
OCV.  The arsenate groups also contain terminal oxygen which lowers the induction 
effect on the FeO6 groups.   
However, the KLi2Fe3(AsO4)3 phase gives promise because it has the advantage of 
edge-shared Fe-O-Fe linkages as well as no terminal oxygen from the arsenate groups; 
which should give rise to a higher OCV.  It also has longer then average Li-O bonds, 
therefore creating ease of cyclibility for the Li+ cations which will generate a larger 
capacity.  The electrochemical testing of KLi2Fe3(AsO4)3 phase is work in the making, 
due to the inability to make the large stiochiometric yield.  However, future work in 
either synthesizing enough crystals or finding the right conditions for the stiochiometric 
yield is suggested for future studies. 
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CHAPTER FIVE 
NEW OPEN-FRAMEWORK STRUCTURES WITH VARYING FRAMEWORKS FOR 
STUDY OF THE EFFECTS PERTINENT TO ION-TRANSPORT IN CATHODE 
MATERIALS FOR RECHAREABLE LITHIUM BATTERY APPLICATIONS 
 
 
 Introduction 
This dissertation study is based on finding new open-framework solids which possess 
characteristics that will make them potential electrode materials for battery applications.  
There are several key factors that will enhance the performance of these compounds as in 
their electrochemical process during charge/discharge processes.   One property that is 
found to promote the ion-transport is to make large open-framework structures.  The 
reason the large open-framework structure is desired is because it will allow the cation 
(Li+) to have facile ion-exchange into/out of the structure.  Another way to facilitate ion-
exchange is to have weak A-O bonding.  To create this weak A-O bonding, our idea is to 
make large open-framework structures using the larger than Li+ alkali metals.  These 
large alkali metals act as a “templating” agent to form the large openings in the structure.  
These large cations will then be ion-exchanged with Li+ to make them into electrode 
materials.  It has been shown in the previous chapters that the larger the channel or layer, 
the more readily the Li+ will exchange with the site.  Therefore, most of the compounds 
that were synthesized use the Cs+ cation as their electropositive cation.  Also, since the 
lithium goes into the same crystallographic site as the larger cation, this generates longer 
Li-O bonds than expected.  As stated earlier, these long, weak Li-O bonds promote facile 
diffusion because the oxygen is tightly bond to the metal framework, thus allowing the 
Li+ to presumably transport more efficiently. 
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The Li-O bond strength is also dependent on the metal that is used.  This is due to the 
orbital overlap of the oxygen to the metal cations of the framework structure.  In the case 
of a Fe vs. Ru, the Fe has a stronger bond with the oxygen because its valence electrons 
in the 3d orbital are closer to those of the oxygen thus create a strong covalent interaction 
with the oxygen.  Therefore, in our compounds, we have focused on first row (3d) 
transition metals.  Another factor of picking a transition metal is the environmental 
impact; as a result most of our compounds are centered on Fe and Mn. 
As stated above, the more tightly bonded the oxygen is to the metal framework, the 
easier the Li can move through the structure.  However, there is one drawback of having 
the oxygen tightly bond to the transition metal and that is the ease for the metal to 
perform redox chemistry.  In the case of LiFeO2, all of the electron density is surrounding 
the Fe, making the Fe-O bonds strong.  Therefore, a solution to weaken the bonds was 
needed to pull the electron density away from the Fe however, still keep the oxygen 
tightly bonded to the framework to allow the Li to move freely in the structure.  
Goodenough et al.1, were the first to show a solution for this problem by using the 
inductive effect of a more electronegative polyanion (XO4).  With the presence of the 
polyanion in the structure, it causes a strong polarization of the oxygen atoms toward the 
X cation and subsequently lowers the covalent component in the M-O bond. 
The polyanion also plays an important role in the redox potential of the metal.  If we 
compare LiFeO2 vs. LiFePO4, the difference will be apparent.  In LiFeO2, the Fe4+/Fe3+ 
potential (>4.8 V)2 is too distant from the Fermi level of Li/Li+ and is located beyond the 
electrochemical window of the electrolyte.  In the case of the Fe3+/Fe2+, the potential 
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(1.23 V)3 is too close to the Li/Li+ couple, which results in a low voltage.  The redox 
potential of Fe3+/Fe2+ in LiFePO4 can overcome these problems associated with the 
unfavorable position of the redox potentials of iron in oxide-based solids with the 
addition of polyanions.  The transition-metal redox couples are actually stabilized, i.e., 
the potentials are made more positive by the presence of the polyanions in the structure 
due to the strong inductive effect (Fig. 5.1).  Thus, the reduction potential of Fe3+/Fe2+ in 
LiFePO4 results in a high voltage (3.4V) of the Li/Li+/LixFePO4 cell.4 
Another study by Goodenough et al.4 in an attempt to raise the redox couple of the 
transition metal used was the study of the connectivity between the metals.  Through this 
study, it was found that extensive sharing (face-, edge-, corner-) of the oxygen between 
the MOx polyhedra lowers the Madelung energy, thus lowers the energy of the Mn+/Mn+-1 
redox couple and generates a higher open-circuit voltage (OCV).  The Madelung energy 
is lowest where the oxygen is farthest away from the transition metal; therefore the trend 
goes from lowest Madelung energy (face-sharing) to highest (corner-sharing). 
In this chapter, several new phases that were made throughout this dissertation study 
and demonstrate the above properties will be shown.  The experimental section shall be 
left out for simplicity and their structural aspects will be discussed to emphasis the 
properties of these materials pertinent to ion-transport.  For a potential future survey 
study, it would be interesting to correlate their structures with their electrochemical 
properties.  These compounds include K9Fe9(PO4)11, CsNa2Mn2P5O16, K3Fe5(AsO4)6, 
CsK2Fe7O2(AsO4)6, and K3Mn7(AsO4)6. 
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Figure 5.1.  The energy diagram of the standard reduction potentials of Fe showing 
how favorable reduction potential of the LiFePO4. 
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Discussion of the Structure of K9Fe9(PO4)11 
K9Fe9(PO4)11 was isolated from a reaction originally designed to synthesize 
Cs5K4Fe7(PO4)10 in a higher yield.  The as-prepared crystals of K9Fe9(PO4)11 are black 
columns.  The crystallographic data and atomic coordinates are summarized in Tables 5.1 
and 5.2.  It crystallizes in the orthorhombic space group Abm2 (no. 39) with unit cell 
dimensions of a = 13.923(3) Å, b = 32.447(8) Å, c = 9.394(2) Å, and V = 4244(2) Å3.   
The X-ray single-crystal structure reveals a channel framework where the Cs and K 
cations reside (Fig. 5.2).  There are two different size channels, 10- and 8-membered 
rings that run down the c-axis (Fig. 5.3).  Owing to the large cations and the numerous 
sites in the channels, the voids that the cations fill are large.  The average distance of the 
K-O is 2.87 Å, which is longer then the expected Shannon crystal radii5 of 2.81 Å.  From 
the long distances of the K-O bonds, these create the large channels.  If the distance is 
measured from edge to edge, the 10-membered ring’s windows are 8.19 × 6.43 Å and the 
8-membered ring’s windows are 3.97 × 9.79 Å.  As shown in the previous chapters, these 
large channels should facilitate for facile Li+-exchange. 
The channels are formed by FeOn (n = 4, 5, 6) polyhedra which are corner-shared to 
PO4 tetrahedra.  There are 5 crystallographically different Fe sites.  Three of these sites 
are isolated from each other, however Fe(2)O6 and Fe(3)O5 are connected through 
corner-shared oxygen.  Therefore, it is hypothesized that Fe(2) and Fe(3) will have a 
higher reduction potential than the isolate Fe sites.  Furthermore, the incorporation of the 
PO4 tetrahedra should enable all the Fe sites to have an increased voltage due to the 
strong inductive effect of the phosphorus. 
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One other feature of this structure is that the ratio of Fe:P is close to 1:1.  Therefore, 
this would give a small waste weight from the phosphorus.  This compound would be 
interesting to study both the ion-exchange and the electrochemical properties.  However, 
this compound has a very low yield of crystals; therefore one future goal is to make a 
higher yield of crystals for characterization.  The stiochiometric synthesis was also 
attempted however, from the PXRD the phase did not form.   
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Table 5.1 Crystallographic Data for K9Fe9(PO4)11 
Chemical formula K9Fe9(PO4)11 
Crystal color, shape Black, Column 
Crystal size (mm) 0.12 × 0.13 × 0.26 
Formula weight (g/mol) 1899.19 
Space group Abm2 (no. 39) 
a (Å) 13.923(3) 
b (Å) 32.447(8) 
c (Å) 9.394(2) 
V (Å3) 4244(2) 
Z 4 
ρ(calc) (g/cm3) 2.972 
FLACK 0.01(5) 
Linear abs. coeff. (mm-1) 9.117 
F000 5728 
T (K) 293(2) 
Reflections collected 17726 
Reflections unique 3606 
Rint/Rsigmaa 0.0293/0.0752 
Final R1/wR2/GOF (all data) 0.0771/0.2206/0.922 
Largest difference peak (e-/Å3) 4.867 
Largest difference hole (e-/Å3) -1.349 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 5.2 Atomic Coordinates and Equivalent Displacement Parameters for 
K9Fe9(PO4)11. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
K(1) 4c 1.0 0.3392(6) 1/4 0.276(1) 0.076(4) 
K(2) 8d 1.0 0.5915(2) 0.1921(1) 0.4080(4) 0.027(2) 
K(3) 8d 1.0 0.5440(2) 0.0510(1) 0.3264(4) 0.013(2) 
K(4) 8d 1.0 0.0397(2) 0.1735(1) 0.8109(3) 0.018(2) 
K(5) 8d 1.0 0.1203(2) 0.02082(9) 0.8751(4) 0.034(2) 
Fe(1) 8d 1.0 0.2964(1) 0.05117(5) 0.1435(2) 0.0178(9) 
Fe(2) 8d 1.0 0.1238(1) 0.91417(6) 0.0612(2) 0.0158(8) 
Fe(3) 8d 1.0 0.3858(1) 0.87060(6) 0.0685(2) 0.0200(9) 
Fe(4) 8d 1.0 0.1952(1) 0.16303(6) 0.1422(2) 0.024(1) 
Fe(5) 4c 1.0 0.2197(2) 3/4 0.1811(4) 0.039(2) 
P(1) 8d 1.0 0.3242(2) 0.9648(1) 0.9948(4) 0.023(2) 
P(2) 8d 1.0 0.1738(3) 0.8320(1) 0.9868(4) 0.024(2) 
P(3) 8d 1.0 0.0818(2) 0.0742(1) 0.2161(4) 0.017(2) 
P(4) 4c 1.0 0.1683(5) 1/4 0.0041(8) 0.040(3) 
P(5) 8d 1.0 0.2516(2) 0.1105(1) 0.8531(4) 0.023(2) 
P(6) 8d 1.0 0.4022(3) 0.1380(1) 0.2232(4) 0.034(2) 
O(1) 8d 1.0 0.9892(7) 0.0604(3) 0.143(1) 0.023(5) 
O(2) 8d 1.0 0.3600(6) 0.0050(3) 0.066(1) 0.026(4) 
O(3) 8d 1.0 0.1617(7) 0.0456(3) 0.161(1) 0.018(5) 
O(4) 8d 1.0 0.2750(7) 0.0730(3) 0.946(1) 0.026(5) 
O(5) 8d 1.0 0.2218(7) 0.1474(3) 0.947(1) 0.028(5) 
O(6) 8d 1.0 0.0690(8) 0.0678(3) 0.375(1) 0.039(5) 
O(7) 8d 1.0 0.2223(7) 0.9568(3) 0.046(1) 0.027(5) 
O(8) 8d 1.0 0.3385(7) 0.1218(4) 0.770(1) 0.026(5) 
O(9) 8d 1.0 0.3929(7) 0.9310(3) 0.040(1) 0.023(5) 
O(10) 8d 1.0 0.4338(7) 0.1416(4) 0.377(1) 0.024(5) 
O(11) 8d 1.0 0.1284(9) 0.2110(3) 0.0745(14) 0.063(7) 
O(12) 8d 1.0 0.1717(8) 0.8143(3) 0.838(1) 0.047(6) 
O(13) 8d 1.0 0.1666(7) 0.0994(3) 0.758(1) 0.023(5) 
O(14) 8d 1.0 0.1052(8) 0.1186(3) 0.177(1) 0.045(6) 
O(15) 8d 1.0 0.327(1) 0.9712(4) 0.836(1) 0.10(1) 
O(16) 8d 1.0 0.0832(7) 0.8568(3) 0.018(1) 0.031(5) 
O(17) 8d 1.0 0.332(1) 0.1713(5) 0.178(1) 0.056(8) 
O(18) 8d 1.0 0.496(1) 0.1498(7) 0.136(2) 0.051(8) 
O(19) 8d 1.0 0.250(1) 0.8666(4) 0.996(2) 0.063(9) 
O(20) 4c 1.0 0.267(3) 1/4 0.97(1) 0.09(2) 
O(21) 8d 1.0 0.179(1) 0.7982(5) 0.100(2) 0.11(1) 
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O(22) 8d 1.0 0.373(4) 0.0955(9) 0.188(3) 0.8(1) 
O(23) 4c 1.0 0.151(2) 1/4 0.852(2) 0.13(2) 
 
 
 
 
 
Figure 5.2.  Ball and stick representation of K9Fe9(PO4)11 showing the large channels 
formed by the K cations. 
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Figure 5.3.  8- and 10-membered rings of K9Fe9(PO4)11 showing the large void 
space formed by the K cations. 
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Discussion of the Structure of CsNa2Mn2P5O16 
Throughout this dissertation study other environmentally friendly transition metals that 
show high reduction potentials were studied.  Manganese was one transition metal that 
was studied because of its close relationship with iron and that it has multiple oxidation 
state to be reduced.  The reduction potential of Mn4+/Mn3+ vs. Li is 3.90 V and 
Mn3+/Mn2+ vs. Li is 4.56 V6, therefore both reductions could potentially be used within 
the electrochemical window of the electrolyte.  Manganese was also found to be easier to 
create the reduced form (Mn2+) compared with iron.  This Mn2+ material could then be 
used directly as a cathode material in rechargeable lithium batteries. 
One compound that was synthesized was CsNa2Mn2P5O16.  This compound was 
actually first synthesized while experimentally looking for new Mn4+ compounds with a 
general formula of A3Mn34+(PO4)5.  The as-prepared crystals of CsNa2Mn2P5O16 are pink 
plates.  The crystallographic data and atomic coordinates are summarized in Tables 5.3 
and 5.4.  It crystallizes in the monoclinic space group P2/c (no. 13) with unit cell 
dimensions of a = 6.963(1) Å, b = 5.253(1) Å, c = 20.082(5) Å, β = 108.25(3)º and V = 
697.6(3) Å3. 
This compound has several features which make it interesting as a cathode material.  
The X-ray single-crystal structure reveals a 3D framework consisting of channels in two 
directions where the Cs+ and Na+ reside (Figs. 5.4 & 5.5).   Along the [100] direction, 
there is only one channel templated by a Cs+ cation.  This channel is formed by two 
MnO6 octahedra which are connected through corner-shared PO4 tetrahedra.  Along the 
[010] direction there are two different sized channels, one formed around the Cs+ cation 
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and the other formed around the Na cation.  The channel that is formed around the Cs+ 
cation is an 8-membered ring which is made by MnO6 octahedra that are corner-shared to 
the PO4 tetrahedra.  The channel that is formed around the Na cations is a 6-membered 
ring which is also formed by MnO6 octahedra which are corner-shared to PO4 tetrahedra.  
With these numerous and large channels in multiple directions, it was hypothesized that 
this material would be an excellent candidate for Li+-exchange.  Then, after the Li+-
exchange took place this material could be used directly as a cathode material in 
rechargeable lithium batteries  
However, when the Li+-exchange was performed using a 1M LiNO3 solution on the 
singe crystals of CsNa2Mn2P5O16 the crystals seemed to be destroyed.  One hypothesis is 
that since the framework only has isolated MnO6 units, the framework was not strong 
enough to survive the elevated temperatures of the ion-exchange.  Therefore, a future 
study that could be performed is to try the ion-exchange at a lower temperature.  
However, diffusion of ions is time and temperature dependent; therefore if the ion-
exchange was tried at a lower temperature it might be necessary to soak the crystals for a 
longer amount of time to get the full diffusion of Li into the structure. 
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Table 5.3 Crystallographic Data for CsNa2Mn2P5O16 
Chemical formula CsNa2Mn2P5O16 
Crystal color, shape Pink, Plates 
Crystal size (mm) 0.25 × 0.26 × 0.12 
Formula weight (g/mol) 699.62 
Space group P2/c (no. 13) 
a (Å) 6.963(1) 
b (Å) 5.253(1) 
c (Å) 20.082(5) 
β (º) 108.25(3) 
V (Å3) 697.6(3) 
Z 2 
ρ(calc) (g/cm3) 3.331 
Linear abs. coeff. (mm-1) 5.110 
F000 660 
T (K) 293(2) 
Reflections collected 5134 
Reflections unique 1223 
Rint/Rsigmaa 0.0793/0.0541 
Final R1/wR2/GOF (all data) 0.0546/0.1598/1.146 
Largest difference peak (e-/Å3) 0.967 
Largest difference hole (e-/Å3) -1.406 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 5.4 Atomic Coordinates and Equivalent Displacement Parameters for 
CsNa2Mn2P5O16. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Cs 2e 1.0 0 0.3219(2) 1/4 0.0243(5) 
Na 4g 1.0 0.6620(5) 0.2543(6) 0.0283(2) 0.028(2) 
Mn 4g 1.0 0.2556(2) 0.2654(2) 0.09258(6) 0.0132(7) 
P(1) 2f 1.0 1/2 0.9919(5) 1/4 0.015(1) 
P(2) 4g 1.0 0.9398(3) 0.7789(4) 0.0811(1) 0.013(1) 
P(3) 4g 1.0 0.5955(3) 0.7496(3) 0.1314(1) 0.014(1) 
O(1) 4g 1.0 0.7757(8) 0.673(1) 0.0170(3) 0.021(3) 
O(2) 4g 1.0 0.3351(9) 0.135(1) 0.1992(3) 0.024(3) 
O(3) 4g 1.0 0.1210(8) 0.612(1) 0.1109(3) 0.019(3) 
O(4) 4g 1.0 0.5989(9) 0.795(1) 0.2099(3) 0.024(3) 
O(5) 4g 1.0 0.9822(8) 0.055(1) 0.0728(3) 0.018(3) 
O(6) 4g 1.0 0.5389(8) 0.477(1) 0.1124(3) 0.019(3) 
O(7) 4g 1.0 0.4770(8) 0.948(1) 0.0828(3) 0.016(2) 
O(8) 4g 1.0 0.8295(8) 0.784(1) 0.1438(3) 0.019(3) 
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Figure 5.4.  Ball and stick representation of CsNa2Mn2P5O16 showing the large 
channel formed by the Cs and Na cations along the [100] direction. 
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Figure 5.5.  Ball and stick representation of CsNa2Mn2P5O16 showing the large 
channels formed by the Cs and Na cations along the [010] direction. 
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Discussion of the Structure of K3Fe5(AsO4)6 
In the beginning of this dissertation study, the goal was to make several new open-
framework compounds.  Arsenic was used to find some of these new compounds in the 
hopes of generating different connectivities within the structure.  It is also noted that 
phosphorus and arsenic have very similar electro-negativities; however phosphorus is 
smaller in size therefore has a slightly larger inductive effect on the oxygen which are 
connected to the Fe.  Several new frameworks were created using this idea, where one 
compound was K3Fe5(AsO4)6. 
This compound was first synthesized while experimentally looking for a higher yield 
of K3Fe6(AsO4)7.  The as-prepared crystals of K3Fe5(AsO4)6 are black columns.  The 
crystallographic data and atomic coordinates are summarized in Tables 5.5 and 5.6.  It 
crystallizes in the monoclinic space group C2/c (no. 15) with unit cell dimensions of a = 
22.640(8) Å, b = 10.300(2) Å, c = 9.768(2) Å, β = 114.76(4)º and V = 2068.4(9) Å3. 
The X-ray single-crystal structure reveals a 3D channel framework where the K 
cations reside (Figs. 5.6).   The channel is made of FeO6 octahedra which are corner-
shared to PO4 tetrahedra to make a 7-membered ring.  There are three crystallographic Fe 
sites.  The Fe(1)O6 group is the only Fe site that is edge-shared, which is to another 
Fe(1)O6 group.  The other two Fe sites are corner-shared.  These 3 Fe sites share oxygen 
to form an extended array of Fe-O networks.  Furthermore, with the Fe-O connectivity, 
this will lower the Madelung energy of the Fe to give a higher OCV.  It is assumed that 
there will be two reduction potentials for these Fe owing to the two different sharing 
(edge and corner). 
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Table 5.5 Crystallographic Data for K3Fe5(AsO4)6 
Chemical formula K3Fe5(AsO4)6 
Crystal color, shape Black, Columns 
Crystal size (mm) 0.12 × 0.24 × 0.13 
Formula weight (g/mol) 1230.05 
Space group C2/c (no. 15) 
a (Å) 22.640(8) 
b (Å) 10.300(2) 
c (Å) 9.768(2) 
β(º) 114.76(4) 
V (Å3) 2068.4(9) 
Z 4 
ρ(calc) (g/cm3) 3.950 
Linear abs. coeff. (mm-1) 13.469 
F000 2231 
T (K) 293(2) 
Reflections collected 8370 
Reflections unique 1818 
Rint/Rsigmaa 0.0680/0.0633 
Final R1/wR2/GOF (all data) 0.0692/0.1805/1.175 
Largest difference peak (e-/Å3) 2.219 
Largest difference hole (e-/Å3) -1.593 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 5.6 Atomic Coordinates and Equivalent Displacement Parameters for 
K3Fe5(AsO4)6. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
K(1) 8f 1.0 0.1468(2) 0.4316(4) 0.2832(5) 0.037(2) 
K(2) 8f 0.5 0.2379(6) 0.288(1) 0.987(1) 0.048(8) 
As(1) 8f 1.0 0.08914(7) 0.0976(1) 0.8038(2) 0.0127(8) 
As(2) 8f 1.0 0.20928(7) 0.1399(1) 0.2868(2) 0.0139(8) 
As(3) 8f 1.0 0.94102(7) 0.3477(1) 0.0134(2) 0.0149(8) 
Fe(1) 8f 1.0 0.0500(1) 0.1234(2) 0.0437(2) 0.013(1) 
Fe(2) 8f 1.0 0.1811(1) 0.8746(2) 0.0935(2) 0.015(1) 
Fe(3) 4e 1.0 0 0.3875(3) 3/4 0.016(2) 
O(1) 8f 1.0 0.0074(5) 0.255(1) 0.103(1) 0.017(6) 
O(2) 8f 1.0 0.0594(5) 0.223(1) 0.872(1) 0.017(5) 
O(3) 8f 1.0 0.2324(5) 0.030(1) 0.194(1) 0.021(6) 
O(4) 8f 1.0 0.2298(5) 0.101(1) 0.468(1) 0.023(6) 
O(5) 8f 1.0 0.2429(5) 0.2783(9) 0.265(1) 0.016(5) 
O(6) 8f 1.0 0.0313(5) 0.038(1) 0.637(1) 0.016(5) 
O(7) 8f 1.0 0.1034(5) 0.999(1) 0.953(1) 0.017(5) 
O(8) 8f 1.0 0.1286(5) 0.164(1) 0.206(1) 0.009(5) 
O(9) 8f 1.0 0.1530(5) 0.135(1) 0.772(1) 0.027(6) 
O(10) 8f 1.0 0.9373(5) 0.379(1) 0.841(1) 0.025(6) 
O(11) 8f 1.0 0.9439(5) 0.488(1) 0.103(1) 0.019(5) 
O(12) 8f 1.0 0.8718(5) 0.278(1) 0.999(1) 0.023(6) 
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Figure 5.6.  Ball and stick representation of K3Fe5(AsO4)6 showing the channel 
formed by the K cations along the [001] direction. 
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Discussion of the Structure of CsK2Fe7O2(AsO4)6 
Another phase that was found while exploring the iron arsenate phases was 
CsK2Fe7O2(AsO4)6.  The as-prepared crystals of CsK2Fe7O2(AsO4)6 are black columns.  
The crystallographic data and atomic coordinates are summarized in Tables 5.7 and 5.8.  
It crystallizes in the monoclinic space group C2/m (no. 12) with unit cell dimensions of a 
= 19.509(5) Å, b = 5.790(1) Å, c = 11.819(5) Å, β = 118.45(2)º and V = 1173.8(6) Å3. 
The X-ray single-crystal structure reveals a 3D channel framework where the Cs and 
K cations reside (Figs. 5.7).   The channel is made of FeO6 octahedra which are corner-
shared to PO4 tetrahedra to form an 8-membered ring along the [010] direction.  The iron 
oxide framework consists of four different crystallographic Fe sites.  These Fe sites are 
arranged in an extended array where the Fe(3)O6 are edge-shared to each other to form a 
pseudo-chain.  These pseudo-chains are connected by the other 3 FeOn groups which are 
corner-shared (Fig. 5.8).  This iron oxide framework should allow for stability of the 
structure during ion-exchange.  The reduction potential, as described above, is 
hypothesized to give 2 voltages where the edge-shared Fe should have the higher OCV. 
An isostructural manganese phosphate analogue (Cs2K2Mn7O2(PO4)6) has also been 
synthesized by another member of our group, Sanjaya Ranmohotti.  The difference with 
this compound is that there is one additional A-site cation which gives rise to 4 Mn3+ and 
3 Mn2+, while in the iron arsenate analogue there are 5 Fe3+ and 2 Fe2+.  It would be 
interesting to see which compound would allow for a better ion-exchange or possibly ion-
insertion.  These compounds would also allow for a great comparison of the phosphate 
vs. arsenate inductive effect. 
 249 
Table 5.7 Crystallographic Data for CsK2Fe7O2(AsO4)6 
Chemical formula CsK2Fe7O2(AsO4)6 
Crystal color, shape Black, Columns 
Crystal size (mm) 0.14 × 0.15 × 0.20 
Formula weight (g/mol) 1467.55 
Space group C2/m (no. 12) 
a (Å) 19.509(5) 
b (Å) 5.790(1) 
c (Å) 11.819(5) 
β(º) 118.45(2) 
V (Å3) 1173.8(6) 
Z 2 
ρ(calc) (g/cm3) 4.152 
Linear abs. coeff. (mm-1) 13.448 
F000 1392 
T (K) 293(2) 
Reflections collected 4880 
Reflections unique 1140 
Rint/Rsigmaa 0.0729/0.0526 
Final R1/wR2/GOF (all data) 0.0541/0.1499/1.152 
Largest difference peak (e-/Å3) 3.060 
Largest difference hole (e-/Å3) -1.490 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 5.8 Atomic Coordinates and Equivalent Displacement Parameters for 
CsK2Fe7O2(AsO4)6. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Cs 4i  0.5 0.2588(1) 0 0.5918(2) 0.017(1) 
K 4i 1.0 0.1468(2) 0 0.8410(3) 0.018(2) 
As(1) 4i 1.0 0.15560(7) 1/2 0.0262(1) 0.0074(7) 
As(2) 4i 1.0 0.39051(7) 0 0.4147(1) 0.0066(7) 
As(3) 4i 1.0 0.06317(7) 0 0.2754(1) 0.0080(7) 
Fe(1) 2c 1.0 1/2 1/2 1/2 0.011(1) 
Fe(2) 4i 1.0 0.1897(1) 0 0.1742(2) 0.0090(9) 
Fe(3) 4g 1.0 0 0.2318(3) 0 0.0086(9) 
Fe(4) 4i 1.0 0.0163(1) 1/2 0.7201(2) 0.011(1) 
O(1) 4i 1.0 0.1288(5) 1/2 0.8709(9) 0.015(5) 
O(2) 8j 1.0 0.4312(4) 0.770(1) 0.3767(6) 0.017(3) 
O(3) 4i 1.0 0.4092(5) 0 0.5685(9) 0.011(4) 
O(5) 4i 1.0 0.0624(5) 0 0.4158(8) 0.018(5) 
O(6) 8j 1.0 0.0146(4) 0.233(1) 0.1873(6) 0.018(3) 
O(7) 4i 1.0 0.0757(5) 1/2 0.0488(9) 0.012(5) 
O(8) 8j 1.0 0.2118(3) 0.271(1) 0.1027(6) 0.011(3) 
O(10) 4i 1.0 0.2942(5) 0 0.3259(9) 0.009(4) 
O(11) 4i 1.0 0.0807(5) 0 0.0506(9) 0.010(4) 
O(12) 4i 1.0 0.1576(5) 0 0.3090(8) 0.005(4) 
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Figure 5.7.  Ball and stick representation of CsK2Fe7O2(AsO4)6 showing the 
channel formed by the Cs and K cations along the [010] direction. 
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Figure 5.8.  Iron oxide framework of CsK2Fe7O2(AsO4)6 showing the edge-
shared Fe(3)O6 octahedra pseudo-chains which are connected by corner-shared 
FeOn polyhedra. 
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Discussion of the Structure of K3Mn7(AsO4)6 
In addition to manganese phosphate, CsNa2Mn2P5O16 discussed previously, 
manganese was also explored in the arsenic region to compare with iron.  One phase that 
was found was that of K3Mn7(AsO4)6, a mixed valent Mn (II, III) compound.  The as-
prepared crystals of K3Mn7(AsO4)6 are black columns.  The crystallographic data and 
atomic coordinates are summarized in Tables 5.9 and 5.10.  It crystallizes in the 
monoclinic space group P21/c (no. 14) with unit cell dimensions of a = 6.828(1) Å, b = 
12.982(3) Å, c = 11.495(2) Å, β = 98.44(3)º and V = 1008.0(4) Å3. 
The X-ray single-crystal structure reveals a 3D channel framework where the K 
cations reside (Figs. 5.9).   The channel is made up of MnO6 octahedra which are edge-
shared to form a dimer unit.  These dimer units are corner-shared to PO4 tetrahedra which 
connect 2 dimers to form the 6-membered ring.   
The feature that makes this Mn compound so interesting is that all of the MnO6 are 
edge-shared to each other (Fig. 5.10).  As described earlier, this will lengthen the Mn-O 
bond thus allowing the Mn to perform redox easier and give a higher OCV.  The oxygen 
are also pulled further away by the arsenic, where all of the oxygen of the arsenic are 
corner-shared to the MnO6 groups; thus the inductive effect will have the greatest affect 
on the oxygen of the Mn.  The average bond distance of the MnO6 octahedra is 2.19 Å, 
where the Shannon crystal radii for a 6 coordinate Mn2+ is 2.02 Å and Mn3+ is 2.00 Å.5 
A future study would also be to try and synthesize the PO4 analogue of this phase.  It 
will be a very interesting study to see the effect of the As vs. P on the oxygen of the Mn, 
to see if there is a large difference in the inductive effect. 
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Table 5.9 Crystallographic Data for K3Mn7(AsO4)6 
Chemical formula K3Mn7(AsO4)6 
Crystal color, shape Black, Columns 
Crystal size (mm) 0.13 × 0.16 × 0.26 
Formula weight (g/mol) 1335.38 
Space group P21/c (no. 14) 
a (Å) 6.828(1) 
b (Å) 12.982(3) 
c (Å) 11.495(2) 
β(º) 98.44(3) 
V (Å3) 1008.0(4) 
Z 2 
ρ(calc) (g/cm3) 4.400 
Linear abs. coeff. (mm-1) 14.760 
F000 1244 
T (K) 293(2) 
Reflections collected 8491 
Reflections unique 1775 
Rint/Rsigmaa 0.0400/0.0274 
Final R1/wR2/GOF (all data) 0.0306/0.0790/1.142 
Largest difference peak (e-/Å3) 0.699 
Largest difference hole (e-/Å3) -1.487 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 5.10 Atomic Coordinates and Equivalent Displacement Parameters for 
K3Mn7(AsO4)6. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
K(1) 2c 1.0 0 0 1/2 0.034(1) 
K(2) 4e 1.0 0.2472(2) 0.0124(1) 0.9937(1) 0.0332(9) 
As(1) 4e 1.0 0.12943(8) 0.89746(4) 0.24111(4) 0.0074(3) 
As(2) 4e 1.0 0.23298(7) 0.28400(4) 0.98993(4) 0.0079(3) 
As(3) 4e 1.0 0.58791(7) 0.11972(4) 0.23907(4) 0.0098(3) 
Mn(1) 4e 1.0 0.7280(1) 0.26120(7) 0.99967(6) 0.0120(4) 
Mn(2) 4e 1.0 0.5941(1) 0.85322(6) 0.23231(6) 0.0111(4) 
Mn(3) 4e 1.0 0.0772(1) 0.16924(6) 0.21458(6) 0.0098(4) 
Mn(4) 2d 1.0 1/2 0 1/2 0.0253(7) 
O(1) 4e 1.0 0.9171(5) 0.8297(3) 0.2397(3) 0.008(2) 
O(2) 4e 1.0 0.2462(6) 0.9052(3) 0.3802(3) 0.022(2) 
O(3) 4e 1.0 0.5902(5) 0.7933(3) 0.0461(3) 0.008(2) 
O(4) 4e 1.0 0.0648(6) 0.0132(3) 0.1819(3) 0.024(2) 
O(5) 4e 1.0 0.6481(5) 0.1078(3) 0.3865(3) 0.016(2) 
O(6) 4e 1.0 0.1062(7) 0.3535(3) 0.8798(3) 0.036(3) 
O(7) 4e 1.0 0.7621(5) 0.1742(3) 0.1676(3) 0.014(2) 
O(8) 4e 1.0 0.6149(5) 0.6950(3) 0.2874(3) 0.010(2) 
O(9) 4e 1.0 0.2764(5) 0.8379(3) 0.1562(3) 0.010(2) 
O(10) 4e 1.0 0.5408(6) 0.0039(3) 0.1804(3) 0.018(2) 
O(11) 4e 1.0 0.6642(5) 0.8800(3) 0.4227(3) 0.017(2) 
O(12) 4e 1.0 0.0525(5) 0.2153(3) 0.0436(3) 0.008(2) 
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Figure 5.9.  Ball and stick representation of K3Mn7(AsO4)6 showing the channel 
formed by the K cations along the [100] direction. 
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Figure 5.10.  Mn-O framework of K3Mn7(AsO4)6 showing the edge-sharing of all 4 
Mn sites. 
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Conclusions 
In summary, several new open-framework compounds have been synthesized with 
interesting structure features for ion-transport pertinent for rechargeable lithium battery 
applications.  These compounds have a variety of different shaped channels formed by 
different alkali metals.  From these, a survey could be made to see which cation is most 
readily exchange.  It could also allow for an investigation of channel size vs. amount of 
ion-exchange/insertion. 
These compounds also have a mixture of different transition metal (M) oxide bonding.  
Therefore, this will show the effect of a longer M-O bond has on the reduction potential.  
It has been shown in the previous chapters that Fe2+ compounds are hard to synthesize 
due to the use of alkali oxide reactants which act as an oxidizing agent.  However, in the 
Mn case there seems to be less of a problem to make Mn2+ compounds.  Manganese also 
has the advantage of having multiple oxidation states (Mn4+/Mn3+/Mn2+) which could 
potentially serve as a longer capacity at high voltage. 
It was also shown that analogues of the arsenate and phosphates could be made, such 
as in the CsxK2M7O2(XO4)6 family.  In this case a comparison of the inductive effect of 
the polyanions could be made.  In this phase there is another feature that could be studied, 
which is the amount of M3+ vs. M2+.  It is hypothesized that the more M3+ that is in the 
structure, the more Li can be inserted in to reduce the metal.  Thus, the more Li cations 
would seemingly give more capacity. 
From these compounds, a more in-depth look at what affects the OCV could be made.  
However, several new studies need to be made first, such as 100% yield synthesis and 
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how to perform full Li+-exchange before the affects can be seen.  It also would be 
beneficial to be able to make the phosphate analogue of all the arsenate compounds due 
to the environmental impact of arsenic. 
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CHAPTER SIX 
 
SYNTHESIS AND CHARACTERIZATION OF NEW SILVER IRON(III) 
VANADATES: AN EXTENSION OF SILVER VANADATE RESEARCH FOR 
PRIMARY BATTERY APPLICATIONS 
 
Introduction 
Vanadium oxides have long been studied as potential battery materials for high rate 
primary lithium battery applications.1  They have several advantages such as large 
capacity, high voltage, and excellent kinetics that make them attractive battery materials.  
However, their major drawback is the tendency to become amorphous upon cycling, 
which limits their usability.  Numerous studies have shown that adding a second metal 
cation to the structure, i.e., LiV3O8, Ag2V4O11, or MnV2O5, can increase the framework 
stability upon lithium insertion.2-6 
Silver vanadium oxide (SVO) has been known for its superior electrochemical 
properties pertinent for primary batteries that have been used extensively in implantable 
medical devices.7-9  The tunnel-like structure of SVO provides paths for the diffusion of 
lithium ions, and the high electrochemical potential of the material makes it a good 
cathode material commercially available.  SVO intercalates lithium between 1.5 and 3.6V 
with a reported specific capacity of 300 mAh/g for a current of 0.1 – 2.0 mA/cm2.  The 
theoretical specific capacity of SVO is 315 mAh/g.10 
Over the years, SVO has been well characterized and is a major cathode material used 
in primary lithium batteries.  High performance, reliability, and the ability to supply a 
high power pulse while having a long-term stability make them suitable for critical 
applications such as implantable cardioverter defibrillators (ICDs).  This kind of high 
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energy density battery is required to supply a pulse as high as 35 J and to have the 
shortest capacitor charging time as possible.11 
ICDs work most efficiently above 3 V and a goal of this industry has been to increase 
the capacity of the cathode above that voltage, while maintaining its stability.  In order to 
achieve this, Takeuchi et al. suggested that a greater Ag:V molar ratio is needed.  
However, the silver vanadates with Ag:V ratio greater then 1:2 tend to have very poor 
kinetics, low usable capacity, or low conductivity, such as those in Ag4V2O7.12   
Another approach to incorporating a higher Ag:V ratio in a mixed metal oxide is to 
replace oxide with more electronegative fluoride anions.  Ideally, a high percentage of 
AgF could allow for the increase of silver content.  Since fluorine acts similar to oxygen, 
this should allow the structure to maintain some conduction pathways between the 
vanadium centers and increase the reduction potential of the material.  Recently, such a 
phase has been reported by Poeppelmeier et al.,13 which is Ag4V2O6F2.  It possesses 
higher capacity of 148 mAh/g above 3 V.  In addition to the increased capacity, the silver 
reduction potential has increased to 3.52 V (500 mV higher), which is due to the 
inductive effect of incorporated fluoride. 
In light of the studies in iron (III)-containing systems discussed in the previous 
chapters, the study of Ag-Fe-V-O has been initiated to explore compounds with extended 
capacity at 3V and above.  The proposed idea to synthesize new silver-containing 
compounds with an extended capacity was to incorporate a second transition metal cation 
that provides a compatible reduction potential with vanadates as a polyanion.  To search 
for such kind of new compounds, a ternary phase diagram made of Ag2O, Fe2O3 and 
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V2O5 was employed (Fig. 6.1).  From this phase diagram, two new silver iron vanadates 
were discovered, i.e., Ag3Fe(VO4)2 and AgFeV2O7.  Herein, the synthesis, structure and 
electrochemical properties of these two silver Iron(III) vanadates will be discussed. 
 
Synthesis and Characterization of Ag3Fe(VO4)2 
Synthesis 
In the exploration of new phases, of the Ag2O:Fe2O3:V2O5 phase diagram, several 
compositions with different Ag2O:Fe2O3:V2O5 ratios of binary oxides in the phase 
diagram were made, see Figure 6.1.  The stiochiometries of the reactants were picked 
randomly on different regions of the diagram.  By employing high temperature reactions, 
sizable crystals (red in color) of Ag3Fe(VO4)2 were grown in column morphologies in a 
fused silica ampoule under vacuum.  In one reaction, for instance, as received (Table 2.1) 
Ag2O (0.03 mmol), Fe2O3 (0.01 mmol), and V2O5 (0.02 mmol) were used and ground in a 
nitrogen-blanketed drybox.  The mixture was first heated to 300°C at 1°C per minute and 
isothermed for 8 hours.  This slow heating allows the Ag2O to react with the other 
reactants, therefore will not decompose into Ag0 and O2.14  It was then heated to 600°C at 
1°C per minute, isothermed for 3 days, followed by slow cooling to 300°C at 0.1°C per 
minute to promote crystal growth then furnace cooled to room temperature.  Ca. 90% 
yield of the compound was obtained, where 5% was due to a known phase AgVO315 and 
the other 5% was unidentified polycrystalline material. 
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Figure 6.1.  Partially studied tertiary phase diagram of Ag2O, Fe2O3, and V2O5. 
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Characterization 
Single Crystal X-Ray Diffraction 
Red column crystals from reactions with different compositions were selected under 
an optical microscope equipped with a polarized light attachment and mounted on glass 
fibers for structure analysis by single-crystal X-ray diffraction study.  The data 
collections were carried out at room temperature on a four-circle Rigaku AFC-8 
diffractometer equipped with a CCD area detector using graphite monochromated Mo Kα 
radiation (λ = 0.71073 Å).  The structures were solved by direct methods with the 
SHELXTL-97 program and refined on F2 by least-squares, full-matrix techniques.16  The 
crystallographic data, atomic coordinates, anisotropic thermal parameters, and selected 
bond distances and angles for Ag3Fe(VO4)2 are summarized in Tables 6.1, 6.2, 6.3, and 
6.4. 
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Table 6.1 Crystallographic Data for Ag3Fe(VO4)2 
Chemical formula Ag3Fe(VO4)2 
Crystal color, shape Red, Column 
Crystal size (mm) 0.24 × 0.39 × 0.26 
Formula weight (g/mol) 609.33 
Space group C2/c (no. 15) 
a (Å) 9.771(2) 
b (Å) 5.153(1) 
c (Å) 14.325(3) 
β(º) 93.85(3) 
V (Å3) 719.7(2) 
Z 4 
ρ(calc) (g/cm3) 5.623 
Linear abs. coeff. (mm-1) 8.544 
F000 732 
T (K) 293(2) 
Reflections collected 2629 
Reflections unique 633 
Rint/Rsigmaa 0.0439/0.1117 
Secondary extinction 0.0109(8) 
Final R1/wR2/GOF (all data) 0.0593/0.1249/1.068 
Largest difference peak (e-/Å3) 1.297 
Largest difference hole (e-/Å3) -2.007 
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a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
 
Table 6.2 Atomic Coordinates and Equivalent Displacement Parameters for 
Ag3Fe(VO4)2. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Ag(1) 4e 1.0 1.00000 0.0432(2) 3/4 0.045(1) 
Ag(2) 8f 1.0 0.83891(9) 0.5575(2) 0.85980(6) 0.0303(7) 
Fe 4a 1.0 0 0 1/2 0.011(1) 
V 8f 1.0 0.6676(2) 0.0367(3) 0.8933(1) 0.010(1) 
O(1) 8f 1.0 0.6669(8) 0.883(2) 0.7896(5) 0.035(5) 
O(2) 8f 1.0 0.6076(6) 0.822(1) 0.9708(4) 0.014(3) 
O(3) 8f 1.0 0.5607(7) 0.312(1) 0.8845(5) 0.020(4) 
O(4) 8f 1.0 0.8358(7) 0.127(1) 0.9258(5) 0.011(3) 
 
Table 6.3 Anisotropic thermal parameters (U × 103) for Ag3Fe(VO4)2. 
  U11 U22 U33 U23 U13 U12 
Ag(1) 44(1) 22(1) 21(1) 0 -12(1) 0 
Ag(2) 28(1) 18(1) 22(1) 0(1) -3(1) -1(1) 
Fe 10(1) 12(1) 12(1) 0(1) 0(1) 0(1) 
V 9(1) 11(1) 10(1) 0(1) 0(1) 1(1) 
O(1) 30(3) 24(3) 13(3) 0(3) 1(2) 4(2) 
O(2) 13(2) 19(3) 14(3) 1(2) -1(2) 6(2) 
O(3) 19(2) 14(3) 12(3) 4(2) -5(2) 6(2) 
O(4) 8(2) 18(3) 21(3) 5(2) -1(2) 0(2) 
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Table 6.4 Selected bond distances and angles for Ag3Fe(VO4)2. 
Ag(1)-O(3)#1 2.324(5) Fe-O(4)#8 1.979(5) 
Ag(1)-O(3)#2 2.324(5) Fe-O(2)#4 2.017(5) 
Ag(1)-O(1)#3 2.433(6) Fe-O(2)#9 2.017(5) 
Ag(1)-O(1)#4 2.433(6) Fe-O(3)#1 2.032(5) 
Ag(2)-O(1)#4 2.323(6) Fe-O(3)#10 2.032(5) 
Ag(2)-O(4)#5 2.409(5) VO(1) 1.680(6) 
Ag(2)-O(3)#3 2.528(5) V-O(2) 1.697(5) 
Ag(2)-O(1) 2.533(6) V-O(4) 1.740(5) 
Ag(2)-O(2)#6 2.533(5) V-O(3) 1.757(5) 
Fe-O(4)#7 1.979(5) O(4)#8-Fe-O(2)#4 91.6(2) 
O(3)#1-Ag(1)-O(3)#2 117.6(3) O(4)#7-Fe-O(2)#9 91.6(2) 
O(3)#1-Ag(1)-O(1)#3 134.19(17) O(4)#8-Fe-O(2)#9 88.4(2) 
O(3)#2-Ag(1)-O(1)#3 92.72(18) O(2)#4-Fe-O(2)#9 180.0(3) 
O(3)#1-Ag(1)-O(1)#4 92.72(18) O(4)#7-Fe-O(3)#1 90.6(2) 
O(3)#2-Ag(1)-O(1)#4 134.19(17) O(4)#8-Fe-O(3)#1 89.4(2) 
O(1)#3-Ag(1)-O(1)#4 88.1(3) O(2)#4-Fe-O(3)#1 92.4(2) 
O(1)#4-Ag(2)-O(4)#5 89.9(2) O(2)#9-Fe-O(3)#1 87.6(2) 
O(1)#4-Ag(2)-O(3)#3 107.59(18) O(4)#7-Fe-O(3)#10 89.4(2) 
O(4)#5-Ag(2)-O(3)#3 116.77(15) O(4)#8-Fe-O(3)#10 90.6(2) 
O(1)#4-Ag(2)-O(1) 85.21(12) O(2)#4-Fe-O(3)#10 87.6(2) 
O(4)#5-Ag(2)-O(1) 137.52(17) O(2)#9-Fe-O(3)#10 92.4(2) 
O(3)#3-Ag(2)-O(1) 104.86(17) O(3)#1-Fe-O(3)#10 180.000(1) 
O(1)#4-Ag(2)-O(2)#6 166.79(18) O(1)-V-O(2) 106.3(3) 
O(4)#5-Ag(2)-O(2)#6 82.24(17) O(1)-V-O(4) 107.8(3) 
O(3)#3-Ag(2)-O(2)#6 67.26(16) O(2)-V-O(4) 111.8(2) 
O(1)-Ag(2)-O(2)#6 107.75(17) O(1)-V-O(3) 110.7(3) 
O(4)#7-Fe-O(4)#8 180.000(1) O(2)-V-O(3) 109.7(2) 
O(4)#7-Fe-O(2)#4 88.4(2) O(4)-V-O(3) 110.6(2) 
Symmetry transformations used to generate equivalent atoms: 
#1 
-x+3/2,y-3/2,-
z+3/2 #2 x+1/2,y-3/2,z 
#3 x+1/2,y-1/2,z #4 
-x+3/2,y-1/2,-
z+3/2 
#5 x,y-1,z #6 -x+3/2,-y+3/2,-z+2 
#7 x,-y+1,z-1/2 #8 -x+2,y-1,-z+3/2 
#9 
x+1/2,-y+1/2,z-
1/2 #10 x+1/2,-y+3/2,z-1/2 
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#11 x-1/2,y+1/2,z #12 x,y+1,z 
#13 
-x+3/2,y+1/2,-
z+3/2 #14 
-x+3/2,y+3/2,-
z+3/2 
#15 x-1/2,y+3/2,z #16 -x+2,y+1,-z+3/2 
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Powder X-Ray Diffraction 
In order to further confirm the structure solution, a stiochiometric yield is synthesized 
of Ag3Fe(VO4)2, see the details of reaction conditions in the Results and Discussion 
section.  For phase identification the X-ray powder diffraction data was collected on a 
Scintag XDS 2000 diffractometer with Cu Kα radiation in the 2θ range 2-65° at a step 
size of 0.03° at room temperature.  For cell parameter refinement the powder X-ray 
diffraction (PXRD) pattern was refined using the General Structure Analysis System 
(GSAS)17 program. 
UV-Vis Diffuse Reflectance Spectroscopy 
The optical absorption spectrum of Ag3Fe(VO4)2 was recorded on a PC-controlled 
SHIMADZU UV-3100/Vis/near-IR spectrometer equipped with an integrating sphere.  
Selected crystals of Ag3Fe(VO4)2 were ground and smeared onto BaSO4, which was 
pressed to the holder for data collection.  The reflectance data were collected between the 
range of 200nm (6.2eV) to 2500nm (0.5eV) using slow scan speed and then manually 
converted to arbitrary absorption units using the Kubelka-Munk function.18 
Electrochemical Testing 
Samples were ground and sieved to eliminate particles greater than 37µm.  The 
resulting powder was mixed into a slurry consisting of 80% active material 
(Ag3Fe(VO4)2), 10% PvDF binder and 10% acetylene black as conductive additive.  The 
mixture was thoroughly mixed and laminated onto an Al-current collector and dried for 2 
hours to eliminate residual solvent. 
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Electrochemical evaluation was done using 2032 (1.6 cm2) cell hardware.  Half cells 
were built in an Ar-atmosphere glovebox using lithium metal as the counter electrode, 
1.0M LiPF6 in EC/DEC (50/50), and Celgard 2325 separators.  Cells were evaluated as 
primary cells using a discharge routine that stepped down the voltage 50mV using 0.1 
mA and then rested for 6 hours to allow for equilibration.  The voltage window used was 
3.5-1.0 V. 
 
Results and Discussion 
Synthesis and Structure 
The title compound was isolated by traditional high-temperature, solid-state methods.  
The as-prepared crystals are in red columns.  As listed in Table 6.1, Ag3Fe(VO4)2 
crystallizes in the monoclinic space group C2/c (no. 15) with unit cell dimensions of a = 
9.771(2) Å, b = 5.153(1) Å, c = 14.325(3) Å, β = 93.85(3) and V = 719.7(2) Å3.  The X-
ray single-crystal structure reveals a layered framework where the Ag+ cations reside in 
between the iron-vanadate slabs (Fig. 6.2).  The slabs consist of isolated FeO6 octahedra 
which are interlinked through corner- and edge-shared VO4 tetrahedra.  The average 
distance of the Fe-O (2.01 Å) and V-O (1.72 Å) are within the Shannon crystal radii,19 
(Fe = 0.79 Å, V = 0.50 Å, O = 1.21 Å).  The Ag+ cations reside in the layers with two 
different coordinations, one being trigonal bypyramid and the other being elongated 
tetrahedral (Fig. 6.3).  The average bond length of the Ag-O for the trigonal bypyramid 
geometry is 2.47(2) Å while the average bond length of the tetrahedra Ag-O is 2.38(2) Å.  
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If these are compared to the Shannon crystal radii, 5 coordinate Ag-O = 2.44 Å and 4 
coordinate Ag-O = 2.35 Å, these experimental distances are comparable with the 
expected values. 
Polycrystalline samples of Ag3Fe(VO4)2 were synthesized from the stiochiometric 
mixture of Ag2O (0.03 mmol), Fe2O3 (0.01 mmol), and V2O5 (0.02 mmol) in a 1 g 
quantity for each reaction.  The sample was isothermed at 300ºC, then cooled down to 
room temperature followed by reground before heating to 600ºC.  This was done to 
prevent the decomposition of the Ag2O14 and to further decrease the particle size to allow 
the chemicals to fully react.  This heating program allowed for a stiochiometric yield with 
few additional peaks seen in the PXRD pattern.  The refinement summary and the pattern 
of the powder X-ray diffraction refinement for Ag3Fe(VO4)2 are given in Table 6.5 and 
Figure 6.4, respectively. 
 
UV-Vis Diffuse Reflectance Spectroscopy 
UV-vis spectroscopy involves the absorption of photons in the UV-visible region.  
This technique measures transitions from the ground state to the excited state which 
provides information on what the type of transition occurring (e.g. d-d or ligand-to-metal-
charge-transfer (LMCT).  In Ag3Fe(VO4)2 there is one crystallographically independent 
Fe(III) site, which is adopting the octahedral geometry. The reflectance spectrum of 
Ag3Fe(VO4)2 was collected at the range of 0.5 – 6.2 eV.  The compound has a band 
around 2.6 eV, as shown in Fig. 6.5.  This band is due to the LMCT, which corresponds 
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with the maroon colored polycrystalline powder sample.  This compound does not show 
any d-d transitions signifying the Fe sites are d5 (Fe3+). 
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Figure 6.2.  Ball/stick representation of (FeO6) and (VO4) showing the layered 
structure of the Ag3Fe(VO4)2 structure along the b-axis.  The FeO6 octahedra share 
cis edges with VO4 tetrahedra and vertexes with neighboring VO4 units. 
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Figure 6.3.  Ball/stick representation of the Ag-O connectivity. 
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Table 6.5.  Summary of the Crystallographic data from single crystal X-ray diffraction 
and Powder X-ray Diffraction Refinements for Ag3Fe(VO4)2. 
Diffraction Type SXRD PXRD 
Space Group C2/c (no. 15) C2/c (no. 15) 
a (Å) 9.771(2) 9.770(1) 
b (Å) 5.153(1) 5.1561(6) 
c (Å) 14.325(3) 14.330(2) 
β (º) 93.85(3) 93.81(1) 
V (Å3) 719.7(2) 720.3(2) 
Rpa 0.0593 0.1511 
Rwpb 0.1249 0.2101 
a
 Rp = Σ׀Io-Ic׀ / Σ׀Io׀ 
b
 Rwp = [Σw׀Io-Ic׀2 / w׀Io׀2]1/2 
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Figure 6.4.  The powder X-ray diffraction (PXRD) pattern of Ag3Fe(VO4)2 refined 
using the GSAS program.  Codes: experimental (circles), calculated (red line), and 
difference (Iobs – Icalc/sig) (blue line). 
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Figure 6.5.  The UV-Vis diffuse reflectance spectrum of Ag3Fe(VO4)2. 
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Electrochemical Testing 
 
Silver primary lithium batteries are used for several medical devices because they offer 
high capacity, reliability, and rate capability as compared to their secondary battery 
counterparts.  For medical devices, various types of batteries are used depending upon the 
current rate required e.g. Li/I2, Li/CFx, and Li/Ag2V4O11 are used for low-, mid- and 
high-rate systems, respectively.20-25  Ag2V4O11 (SVO) can take up to 7 moles of lithium 
per formula unit with an initial open circuit voltage of 3.25V subject to the reduction of 
Ag.26  SVO contains octahedral coordinated vanadium oxide layers separated by silver 
ions therefore will have high intrinsic conductivity and thus an ability to act as a high 
power cathode material. 
One way to increase the power would be to increase the average voltage of the active 
metal cations.  In the case of silver vanadates, an increase in silver content could extend 
the capacity at the potential greater than 3 V.  Silver pyrovanadate, Ag4V2O7, has a Ag:V 
ratio of 2:1, making it seemly like a good candidate.  However, its structure is made of 
[V2O7]4- pyrovanadate anions with charge-balancing silver cations arranged in a 
hexagonally packed net.  The electrochemical characterization is not reported in any 
literature because the material contains the pyrovanadate anions thus the intrinsic 
conductivity is expected to be low and therefore perform poorly with respect to a high 
power cathode material.12  In addition, the tetrahedral coordination of the vanadium 
would make electrochemical reduction more difficult, since V5+ is the only oxidation 
state that can exist in the tetrahedral coordination.27 
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To extend the discharge capacity, our idea is to add another transition metal that will 
be reduced above 3V.  As described in the previous chapters, the Fe3+ to Fe2+ reduction 
potential can be increased to 3.5V by using a polyanion.  Also to increase the capacity it 
was decided to use all reducible cations, e.g. Ag1+, Fe3+, and V5+.  Ag3Fe(VO4)2 (SFVO)  
has several properties that make it a potentially useful primary lithium battery material.  
SFVO has a higher silver/iron to vanadium ratio than typical electrochemically active 
SVO materials.  It has a layered structure, which has long been desirable as electrode 
materials owing to their ability to maintain electrical contacts during lithium insertion and 
facilitate facile ion transport.28  A further study using electrical conductivity may help to 
understand the discharge process.  In Fig. 6.2, it can be seen that the silver ions lie 
between sheets of iron oxide octahedra and vanadium oxide tetrahedra.  This silver 
interlayer between the iron vanadate sheets conceivably allows for lithium diffusion into 
and out of the material l. 
The open circuit voltage (OCV) was measured on this material to determine the 
electrochemical properties (Fig. 6.6).  The OCV experiment discharges the material by 
slowly stepping the voltage using a low current (0.063 mA/cm2), which allows us to see 
the individual reduction events occurring within the electrode.  As seen in Figure 6.6, 
there are two silver reduction events judging from the capacity (Fig. 6.7); the first plateau 
is at 3.25 V and the second is at 2.25 V.  The initial voltage plateau is speculated to be 
due to the different coordinations around the silvers.  As seen in Figure 6.3, it is 
suspected that Ag(2) has a higher potential than Ag(1) possibly attributed to the 
difference in coordination environments of five vs. four oxygen in its coordination 
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sphere, respectively.  In addition, the iron’s voltage plateau is possibly at 2.25 V, which is 
lower than would be expected.  This could be due to the vanadium having an intuitively 
smaller induction effect on the iron then phosphate.  The vanadium reduction plateau is 
also slightly lower than would be expected; it is about 1.5 V rather than 2.5 V is SVO.  
This is likely due to that, in Ag3Fe(VO4)2, the vanadium is in the tetrahedra geometry.  
Therefore, the V5+ tetrahedra cannot be reduced without structural rearrangement because 
tetrahedral vanadium coordination exists only in the +5 oxidation state.  Consequently, 
the presence of tetrahedra vanadium lowers its reduction potential and modifies the 
electrochemical behavior of SFVO.  However, the initial capacity is 170 mAh/g, 
equivalent to the insertion of 3.8 moles of lithium per formula unit (Fig. 6.7), being 64% 
of the theoretical capacity with respect to the reduction of Ag+ → Ag0 and Fe3+ → Fe2+. 
In summary, this material offers an extended capacity due to the addition of the 
additional transition metal (Fe).  However, it does not extend the capacity over 3 V due to 
the lower inductive effect of the vanadium on the iron and because one of the Ag cations 
is four coordinate. 
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Figure 6.6.  Comparison of the open circuit voltage curve of Ag3Fe(VO4)2 (top) vs. 
SVO. 
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Figure 6.7.  The capacity curve of Ag3Fe(VO4)2 showing the individual reduction 
events occurring during the discharge process. 
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Synthesis and Characterization of AgFeV2O7 
Synthesis 
Another compound that was found while running different ratios of Ag2O:Fe2O3:V2O5 
in the phase diagram was AgFeV2O7.  By employing high temperature reactions, crystals 
(black in color) of AgFeV2O7 were grown in chunk morphologies in a fused silica 
ampoule under vacuum.  In a reaction mixture, Ag2O (0.01 mmol), Fe2O3 (0.01 mmol), 
V2O5 (0.02 mmol) were ground in a nitrogen-blanketed drybox.  The mixture was heated 
to 300°C at 1°C per minute and isothermed for 8 hours to prevent the decomposition of 
the Ag2O into Ag0 and O2.14  It was then heated to 600°C at 1°C per minute, isothermed 
for 3 days, followed by slow cooling to 300°C at 0.1°C per minute without intermittent 
grinding to facilitate crystal growth then furnace cooled to room temperature.  Ca. 80% 
yield of the AgFeV2O7 was obtained with the other 20% being unidentified 
polycrystalline material. 
Characterization 
Single Crystal X-Ray Diffraction 
Black chunk crystals from different reactions were selected under an optical 
microscope equipped with a polarized light attachment and mounted on glass fibers for 
single-crystal X-ray diffraction study.  The data collections were carried out in the same 
manner as described above.  The crystallographic data, atomic coordinates and the 
anisotropic thermal parameters for AgFeV2O7 are summarized in Tables 6.6, 6.7, 6.8, and 
6.9. 
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Table 6.6 Crystallographic Data for AgFeV2O7 
Chemical formula AgFeV2O7 
Crystal color, shape Black, Chunk 
Crystal size (mm) 0.14 × 0.19 × 0.16 
Formula weight (g/mol) 377.6 
Space group P-1 (no. 2) 
a (Å) 5.603(1) 
b (Å) 7.485(2) 
c (Å) 7.644(2) 
α(º) 65.07(3) 
β(º) 89.48(3) 
γ(º) 78.98(3) 
V (Å3) 284.4(1) 
Z 2 
ρ(calc) (g/cm3) 4.409 
Linear abs. coeff. (mm-1) 4.528 
F000 175 
T (K) 293(2) 
Reflections collected 2315 
Reflections unique 988 
Rint/Rsigmaa 0.0363/0.0885 
Secondary extinction 0.033(8) 
Final R1/wR2/GOF (all data) 0.0930/0.2836/1.139 
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Largest difference peak (e-/Å3) 16.007 
Largest difference hole (e-/Å3) -5.392 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
 
Table 6.7 Atomic Coordinates and Equivalent Displacement Parameters for AgFeV2O7. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Ag 2i 1.0 0.1769(3) 0.3353(3) 0.9654(3) 0.022(1) 
V(1) 2i 1.0 0.3075(6) 0.7732(5) 0.2137(5) 0.007(2) 
V(2) 2i 1.0 0.2950(6) 0.7843(5) 0.7449(5) 0.008(2) 
Fe 2i 1.0 -0.1729(5) 0.6791(4) 0.5241(4) 0.007(2) 
O(1) 2i 1.0 0.099(3) 0.631(2) 0.362(2) 0.015(7) 
O(2) 2i 1.0 0.073(3) 0.656(2) 0.724(2) 0.018(8) 
O(3) 2i 1.0 0.223(3) 1.028(2) 0.593(2) 0.017(8) 
O(4) 2i 1.0 0.326(3) 0.743(3) 0.990(2) 0.013(8) 
O(5) 2i 1.0 0.564(3) 0.677(2) 0.700(2) 0.019(8) 
O(6) 2i 1.0 0.590(3) 0.697(3) 0.326(2) 0.010(8) 
O(7) 2i 1.0 0.212(3) 1.008(3) 0.165(2) 0.025(9) 
 
Table 6.8 Anisotropic thermal parameters (U × 103) for AgFeV2O7. 
  U11 U22 U33 U23 U13 U12 
Ag 22(1) 17(1) 22(1) 0(1) 5(1) -1(1) 
V(1) 7(2) 9(2) 9(2) -2(1) 2(1) -3(1) 
V(2) 8(2) 7(2) 9(2) -3(1) 2(1) -2(1) 
Fe 7(2) 7(2) 10(2) -4(1) 1(1) -1(1) 
O(1) 15(7) 6(7) 11(7) -6(6) 3(6) 0(6) 
O(2) 18(8) 7(7) 11(7) -2(6) -1(6) -2(6) 
O(3) 17(8) 9(8) 19(8) -2(6) 5(7) -3(6) 
O(4) 13(8) 31(9) 9(7) -9(7) 1(6) -5(7) 
O(5) 19(8) 13(8) 16(8) -10(6) 3(6) -1(6) 
O(6) 10(8) 31(9) 13(8) -14(7) -3(6) -2(6) 
O(7) 25(9) 19(9) 24(9) -15(7) 4(7) -4(7) 
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Table 6.9 Selected bond distances and angles for AgFeV2O7. 
Ag-O(7)#1 2.245(17) V(2)-O(2) 1.758(15) 
Ag-O(2) 2.291(14) V(2)-O(4) 1.772(15) 
V(1)-O(7) 1.615(17) Fe-O(3)#4 1.950(16) 
V(1)-O(6) 1.684(15) Fe-O(6)#5 1.968(15) 
V(1)-O(1) 1.794(15) Fe-O(5)#5 1.984(16) 
V(1)-O(4)#3 1.815(15) Fe-O(2) 1.996(15) 
V(1)-O(3) 1.666(15) Fe-O(1) 2.029(14) 
V(2)-O(5) 1.674(16) Fe-O(1)#6 2.060(14) 
O(7)#1-Ag-O(2) 166.8(6) O(3)#4-Fe-O(5)#5 92.9(7) 
O(7)-V(1)-O(6) 108.3(9) O(6)#5-Fe-O(5)#5 90.5(6) 
O(7)-V(1)-O(1) 109.2(8) O(3)#4-Fe-O(2) 91.3(6) 
O(6)-V(1)-O(1) 111.6(7) O(6)#5-Fe-O(2) 178.7(6) 
O(7)-V(1)-O(4)#3 109.7(8) O(5)#5-Fe-O(2) 90.4(6) 
O(6)-V(1)-O(4)#3 108.1(7) O(3)#4-Fe-O(1) 96.7(6) 
O(1)-V(1)-O(4)#3 109.9(7) O(6)#5-Fe-O(1) 88.8(6) 
O(3)-V(2)-O(5) 110.6(8) O(5)#5-Fe-O(1) 170.3(6) 
O(3)-V(2)-O(2) 111.3(8) O(2)-Fe-O(1) 90.2(6) 
O(5)-V(2)-O(2) 108.7(7) O(3)#4-Fe-O(1)#6 176.0(6) 
O(3)-V(2)-O(4) 112.8(8) O(6)#5-Fe-O(1)#6 90.9(7) 
O(5)-V(2)-O(4) 105.9(7) O(5)#5-Fe-O(1)#6 91.0(6) 
O(2)-V(2)-O(4) 107.3(7) O(2)-Fe-O(1)#6 88.2(6) 
O(3)#4-Fe-O(6)#5 89.6(7) O(1)-Fe-O(1)#6 79.3(6) 
Symmetry transformations used to generate equivalent atoms: 
#1 x,y-1,z+1 #2 -x,-y+1,-z+2 
#3 x,y,z-1 #4 -x,-y+2,-z+1 
#5 x-1,y,z #6 -x,-y+1,-z+1 
#7 x,y,z+1 #8 x+1,y,z 
#9 x,y+1,z-1     
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Powder X-Ray Diffraction 
In order to further confirm the structure solution, a stiochiometric yield of AgFeV2O7 
was synthesized.  For phase identification the X-ray powder diffraction data was 
collected on a Scintag XDS 2000.  The powder X-ray diffraction (PXRD) pattern was 
employed using the General Structure Analysis System (GSAS)17 program for cell 
parameter refinement. 
UV-Vis Diffuse Reflectance Spectroscopy 
The optical absorption spectrum of AgFeV2O7 was recorded on a PC-controlled 
SHIMADZU UV-3100/Vis/near-IR spectrometer equipped with an integrating sphere.  
Selected crystals of AgFeV2O7 were ground and smeared onto BaSO4, which was pressed 
to the holder for data collection.  
Electrochemical Testing 
Samples were ground and sieved to eliminate particles greater than 37µm.  The 
resulting powder was mixed into a slurry consisting of 80% active material (AgFeV2O7), 
10% PvDF binder and 10% acetylene black as conductive additive.  The mixture was 
thoroughly mixed and laminated onto an Al-current collector and dried for 2 hours to 
eliminate and residual solvent. 
Electrochemical evaluation was done using 2032 (1.6 cm2) cell hardware.  Half cells 
were built in an Ar-atmosphere glovebox using lithium metal as the counter electrode, 
1.0M LiPF6 in EC/DEC (50/50), and Celgard 2325 separators.  Cells were evaluated as 
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primary cells using a discharge routine that stepped down the voltage 50mV using 0.1 
mA and then rested for 6 hours to allow for equilibration.  The voltage window used was 
3.5-1.0 V. 
 
Results and Discussion 
Synthesis and Structure 
AgFeV2O7 was isolated by traditional high-temperature, solid-state methods.  The as-
prepared crystals are black chunks.  AgFeV2O7 could be prepared with a high yield of 
crystals (~ 80% yield).  AgFeV2O7 crystallizes in the triclinic space group P-1 (no. 2) 
with unit cell dimensions of a = 5.603(1) Å, b = 7.485(2) Å, c = 7.644(2) Å, α = 
65.07(3), β = 89.48(3), γ = 78.98(3) and V = 284.4(1) Å3.  The X-ray single-crystal 
structure reveals a channeled structure where the Ag+ cations are inside the channels (Fig. 
6.8).  The channels consist of edge-shared dimers of FeO6 distorted octahedra which are 
connected through corner-shared V2O7 (Fig. 6.9).  Three terminal oxygen atoms on the 
VO4 group are connected to the Fe, the fourth is a bridging oxygen connected to the other 
VO4 to form the V2O7 group.  The Ag+ cations reside in the channels with both silver ions 
being distorted tetrahedra (Fig. 6.10). 
Polycrystalline samples of AgFeV2O7 were synthesized in an open-air reaction from 
the mixture of Ag2O (0.01 mmol), Fe2O3 (0.01 mmol), and V2O5 (0.01 mmol) in a 1 g 
reaction.  The reaction was heated to 300°C and held at that temperature for 6hrs to 
prevent the Ag2O from decomposing by allowing it to react first with the other 
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reactants.14  Then the reaction was cooled and reground to decrease the particle size, 
which enhances the probability of the reaction to occur.  After the regrinding it was 
heated to 600°C and held at that temperature for 2 days before being furnace cooled to 
room temperature.  This heating program differs in two ways from the single crystal 
growth which allows for the 100% yield.  The first is the regrinding after being heated to 
300°C, which interrupts the nucleation of the formation of crystals.  The second is the 
fast cooling, which does not allow the large crystals of AgFeV2O7 to grow.  The 
summary and the pattern of the powder X-ray diffraction refinement for AgFeV2O7 are 
given in Table 6.10 and Figure 6.11, respectively. 
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Figure 6.8.  Ball/stick representation of (FeO6) and (VO4) showing the channel 
structure of the AgFeV2O7 along the a-axis. 
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Figure 6.9.  Ball/stick representation of the Fe2O10 dimers interlinked by corner-shared 
pyrovanadates (V2O7). 
 293 
 
 
 
 
 
 
 
Figure 6.10.  Ball/stick representation of the Ag-O connectivity. 
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Table 6.10.  Summary of the Crystallographic data from single crystal X-ray 
diffraction and Powder X-ray Diffraction Refinement for AgFeV2O7. 
Diffraction Type SXRD PXRD 
Space Group P-1(no. 2) P-1(no. 2) 
a (Å) 5.603(1) 5.606(2) 
b (Å) 7.485(2) 7.488(2) 
c (Å) 7.644(2) 7.648(2) 
α (º) 65.07(3) 65.04(1) 
β (º) 89.48(3) 89.49(1) 
γ (º) 78.98(3) 79.02(1) 
V (Å3) 284.4(1) 284.8(2 
Rpa 0.093 0.2554 
Rwpb 0.2836 0.3217 
a
 Rp = Σ׀Io-Ic׀ / Σ׀Io׀ 
b
 Rwp = [Σw׀Io-Ic׀2 / w׀Io׀2]1/2 
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Figure 6.11.  The PXRD pattern of AgFeV2O7 refined using the GSAS program.  
Codes: experimental (circles), calculated (red line), and difference (Iobs – Icalc/sig) 
(blue line). 
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UV-Vis Diffuse Reflectance Spectroscopy 
As stated above, UV-vis spectroscopy involves the absorption of photons in the UV-
visible region which measures transitions from the ground state to the excited state.  In 
AgFeV2O7 there is two crystallographically independent Fe(III) site, which both adopt 
the octahedral geometry. The reflectance spectrum of AgFeV2O7 was collected at the 
range of 0.5 – 6.2 eV, which ranges from ultraviolet to infrared.  Similar to Ag3Fe(VO4)2, 
this compound has a LMCT band around 2.8 eV, as shown in Fig. 6.12.  This compound 
does not show any d-d transitions signifying the Fe sites are d5 (Fe3+). 
Electrochemical Testing 
As described above, silver vanadium oxides are used for high-rate systems such as 
ICDs.  AgFeV2O7 shows a higher Ag/Fe:V ratio then SVO (1:2), therefore was tested as a 
battery material.  The open circuit voltage (OCV) was preformed to determine the 
electrochemical properties and to see the individual reduction events occurring within the 
electrode (Fig. 6.13).  From Figure 6.13, the silver reduction potential plateau occurs at 
2.5 V.  The lower than expected voltage could be due to the number of oxygen atoms in 
the Ag coordination sphere.  As described in Ag3Fe(VO4)2, the silver that contained only 
4 oxygen in its coordination sphere had a lower voltage, therefore it can conclude that the 
silver in AgFeV2O7 will act similarly. 
Also seen in Figure 6.13, the iron’s reduction potential occur around 2 V, which is 
lower than expected.  In retrospect, this can be explained by the structure containing 
pyrovanadates which decrease the intrinsic conductivity therefore, lowering the reduction 
potential of the iron.  The Fe-O-Fe connectivity was supposed to raise the energy of the 
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redox couple of the Fe3+/Fe2+, however the small vanadium electro-negativity that gives 
rise to small polarization obviously doesn’t weaken the covalency of the Fe-O bond 
enough to have the metal connectivity make a difference.  The vanadium reduction 
potential is also slightly lower than expected; it is around 1.5 V compared to 2.5 V for 
SVO.  This is due to the fact that the vanadium’s are in the tetrahedral geometry in the 
form of pyrovanadate and therefore cannot be reduced without a structural 
rearrangement.  However, taking into account of all the reducible ions (Ag+, Fe3+, V5+), 
this material’s capacity is 308 mAh/g, which is 108% of its theoretical capacity for the 
insertion of 4 moles of lithium per formula unit (Fig. 6.14).  From the experimental data, 
the capacity corresponds to 4.3 moles of lithium per formula unit, suggesting that some of 
the vanadium is getting reduced to the 3+ oxidation state. 
In summary, AgFeV2O7 shows an extended capacity, with reduction of all metals by 
one oxidation state and a further reduction of the V4+ to V3+.  However, this compound 
suffers the same down fall as Ag3Fe(VO4)2, where the extended capacity is not all over 
the 3V goal.  In this compound there is no capacity over the 3 V due to two factors: 1) the 
vanadium having a low inductive effect on the Fe and 2) the Ag cation’s coordination 
being 4 coordinate. 
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Figure 6.12.  The UV-Vis diffuse reflectance of AgFeV2O7. 
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Figure 6.13.  Open circuit voltage curve of AgFeV2O7 showing the initial capacity at 
2.5V. 
 300 
 
 
 
 
 
 
 
 
 
 
 
0
Capacity (mAh/g)
50 100 150 200 250 3000
V
o
lta
ge
 
(V
)
0.5
1
1.5
2
2.5
3
350
V
o
lta
ge
 
(V
)
 
 
Figure 6.14.  The capacity curve of AgFeV2O7 showing the individual reduction 
events occurring during the discharge process. 
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Synthesis and Characterization of Ag2FeV2O7 
Synthesis 
To explore whether the Fe2+-containing phase could be readily made using Ag+ as the 
cation, a few reactions were loaded.  In one reaction where the desired product was 
AgFeVO4, a new silver phase was isolated instead, Ag2FeV2O7 (black plate crystals).  
This reaction employed high-temperature synthesis where Ag2O (0.01 mmol), Fe2O3 
(0.01 mmol), and V2O5 (0.01 mmol) were used in a 0.5 g reaction and ground in a 
nitrogen purged drybox.  The mixture was heated to 300ºC at 1ºC per minute, isothermed 
for 8 hours, then heated to 600ºC at 1ºC per minute and isothermed for 3 days.  This was 
followed by slow cooling to 300ºC at 0.1ºC per minute to promote crystal growth then 
furnace cooled to room temperature.  Ca. 10% of Ag2FeV2O7 was obtained with the other 
90% being polycrystalline material of the Fe2O3. 
 
Characterization 
Single Crystal X-Ray Diffraction 
Black plate crystals from the reaction were selected under an optical microscope and 
mounted on glass fibers for SXRD studies.  The data collections were carried out in the 
same manner as described earlier in this chapter.  The crystallographic data, atomic 
coordinates, anisotropic thermal parameters and selected bond distances and angles for 
Ag2FeV2O7 are summarized in Tables 6.11, 6.12, 6.13, and 6.14. 
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Table 6.11 Crystallographic Data for Ag2FeV2O7 
Chemical formula Ag2FeV2O7 
Crystal color, shape Black, plate 
Crystal size (mm) 0.07 × 0.08 × 0.16 
Formula weight (g/mol) 485.46 
Space group P4bm (No. 100) 
a (Å) 8.937(2) 
c (Å) 6.000(1) 
V (Å3) 479.2(2) 
Z 2 
ρ(calc) (g/cm3) 3.365 
Linear abs. coeff. (mm-1) 11.129 
F000 764 
T (K) 293(2) 
Reflections collected 3611 
Reflections unique 469 
Rint/Rsigmaa 0.0742/0.0768 
Final R1/wR2/GOF (all data) 0.0813/0.2289/1.152 
Largest difference peak (e-/Å3) 5.739 
Largest difference hole (e-/Å3) -2.444 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 6.12 Atomic Coordinates and Equivalent Displacement Parameters for Ag2FeV2O7. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Ag 4c 1.0 0.1709(1) 0.3291(1) 0.6152(2) 0.032(1) 
Fe 2a 1.0 0 0 0.141(2) 0.035(2) 
V 4c 1.0 0.3673(3) 0.1327(3) 0.135(1) 0.025(2) 
O(1) 4c 1.0 0.362(2) 0.138(2) -0.134(6) 0.06(1) 
O(2) 8d 1.0 0.186(2) 0.081(2) 0.242(3) 0.04(1) 
O(3) 2b 1.0 1/2 0 0.255(4) 0.05(1) 
 
Table 6.13 Anisotropic thermal parameters (U × 103) for Ag2FeV2O7. 
  U11 U22 U33 U23 U13 U12 
Ag 31(1) 31(1) 23(1) 0(1) 0(1) 12(1) 
Fe 33(2) 33(2) 52(5) 0 0 0 
V 24(2) 24(2) 37(3) 2(2) -2(2) 0(2) 
O(1) 57(11) 57(11) 42(15) 0(10) 0(10) 0(13) 
O(2) 41(10) 36(10) 51(11) -2(8) -31(9) -8(8) 
O(5) 36(11) 36(11) 29(16) 0 0 8(14) 
 
Table 6.14 Selected bond distances and angles for Ag2FeV2O7. 
Fe(1)-O(2) 1.930(16) V(1)-O(1) 1.62(3) 
Fe(1)-O(2)#1 1.930(16) V(1)-O(2)#4 1.776(18) 
Fe(1)-O(2)#2 1.930(16) V(1)-O(2) 1.776(18) 
Fe(1)-O(2)#3 1.930(16) V(1)-O(5) 1.824(13) 
O(2)-Fe(1)-O(2)#1 144.3(14) O(1)-V(1)-O(2)#4 109.8(8) 
O(2)-Fe(1)-O(2)#2 84.6(4) O(1)-V(1)-O(2) 109.8(8) 
O(2)#1-Fe(1)-O(2)#2 84.6(4) O(2)#4-V(1)-O(2) 109.0(12) 
O(2)-Fe(1)-O(2)#3 84.6(4) O(1)-V(1)-O(5) 114.7(15) 
O(2)#1-Fe(1)-O(2)#3 84.6(4) O(2)#4-V(1)-O(5) 106.6(8) 
O(2)#2-Fe(1)-O(2)#3 144.3(14) O(2)-V(1)-O(5) 106.6(8) 
Symmetry transformations used to generate equivalent atoms: 
#1 -x,-y,z #2 y,-x,z 
#3 x,-y,z #4 -y+1/2,-x+1/2,z 
#5 -x+1,-y,z     
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Results and Discussion 
Synthesis and Structure 
Ag2FeV2O7 was isolated by high-temperature, solid-state techniques.  The as-prepared 
crystals are black plates.  Ag2FeV2O7 crystallizes in the tetragonal space group P4bm 
(No. 100) with unit cell dimensions of a = 8.937(2) Å, c = 6.000(1) Å, and V = 479.2(2) 
Å3.  The X-ray single-crystal structure reveals a layered structure where the Ag cations 
reside between the slabs (Fig. 6.15).  The slabs are formed by square planar FeO4 that are 
corner-shared to VO4 tetrahedra (Fig 6.16).  From Fig. 6.16, it can be seen that the 
connectivity between the Fe-O and the V-O bonds form a channel within the slab, 
therefore making this a 3D pathway compound which would promote the insertion of 
lithium.  Another advantage of this compound is the coordination of the Ag.  As seen in 
Fig. 6.17, the Ag is coordinated to 8 oxygen.  As stated above, the higher coordination of 
the Ag, the higher the reduction potential; therefore this compound should have an above 
3 V potential. 
This compound however, was not extensively studied due to several factors.  The first 
is that the iron is in the 2+ oxidation state, therefore would not be useful as an extended 
capacity at high reduction potential metal being missing and would cause excess wasted 
weight.  The second reason is that the vanadium is in the tetrahedral coordination, 
therefore would result in a low (<2.5 V) potential, due to the fact that only 5+ vanadium 
exists in the tetrahedral coordination.  However, this compound does show an alternative 
method of producing Fe2+ containing compounds.  It also adopts a non-centrosymmetric 
lattice.  Since it contains iron (Fe2+, d6), this compound would be interesting to study for 
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magnetic properties.  The combination of these two properties could make for an 
interesting multiferroic material. 
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Figure 6.15.  Ball/stick representation of the (FeO4) and (VO4) showing the slabs of 
the Ag2FeV2O7 along the a-axis. 
 307 
 
 
 
 
Figure 6.16.  Ball/stick representation showing the channels formed by the (FeO4) and 
(VO4) corner-sharing along the c-axis. 
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Figure 6.17. The 8 coordinate Ag in Ag2FeV2O7. 
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Conclusions 
In summary, three new silver iron vanadates, Ag3Fe(VO4)2, AgFeV2O7, and 
Ag2FeV2O7 exhibiting open-framework structures were isolated.  The Ag3Fe(VO4)2 phase 
contains a layered structure with large, two-dimensional diffusion pathways.  The 
AgFeV2O7 phase contains a one-dimensional channeled structure.  The Ag2FeV2O7 phase 
contains a layered structure where the Fe-O-V framework forms channels within the 
layers.  These compounds have several advantages which make the attractive primary 
battery materials.  One advantage of these compounds is that they allow for ease of 
lithium insertion due to their open-framework structures.  For the Fe3+ compounds, they 
use two high redox couple metals (Ag, Fe) which could increase the capacity of the 3V 
goal of high rate batteries.  They also contain cations where all of the cations can be 
reduced, therefore making an extended capacity with little wasted weight. 
The electrochemical tests were done on both of the Ag-Fe3+-V-O compounds, but in 
spite of the advantages, both compounds show a lower then expected reduction potential 
for the iron caused by the vanadium being in the tetrahedral geometry.  It was also found 
that all of the Ag in AgFeV2O7 and one of the Ag in Ag3Fe(VO4)2 are four coordinate.  
Due to the closer oxygen bond of the four coordinate Ag, the redox couple is lower, 
therefore these Ag do not give an open circuit voltage above 3V.  However, in 
Ag3Fe(VO4)2 one of the Ag cations is five coordinate, therefore the Ag-O bond is weaker, 
making it easier for the Ag to reduce and giving an above 3V open circuit voltage.  As 
stated before, all of the cations can be reduced, therefore allowing for an extended 
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capacity, with Ag3Fe(VO4)2 = 170 mAh/g (64% theoretical capacity for 6 Li) and 
especially in AgFeV2O7 = 308 mAh/g (108% theoretical capacity for 4 Li). 
These compounds show all the necessities to be great battery materials.  They major 
downfall however is the tetrahedra vanadium.  Therefore, three ideas have arisen that 
could fix this problem and increase the OCV of these compounds beyond the 3V goal.  
The first idea is to continually work on the Ag2O:Fe2O3:V2O5 phase diagram to try to find 
new SFVO compounds that contain 5 and 6 coordinate silver with multiple 
crystallographic sites, to see if it will increase the redox potential of Ag+/Ag0 because of 
the weaker Ag-O bond.  This would also allow for a larger capacity above the 3V goal 
due to the larger amount of Ag cations in the compound.  The second idea is to find 
SFVO compounds which contain 5 and 6 coordinate vanadium.  This will increase the 
redox potential of the V5+/V4+ because now a structural rearrangement will not need to 
occur as a result of the reduction.  The third idea is to replace the vanadium with the more 
electronegative phosphorus.  The phosphorus should have a strong inductive effect on the 
Fe cations to lower their Madelung energy and increase the reduction potential of 
Fe3+/Fe2+ couple. 
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CHAPTER SEVEN 
 
SYNTHESIS AND CHARACTERIZATION OF SILVER IRON (III) PHOSPHATES: 
FURTHER STUDY OF COMPOUNDS CONTAINING TWO HIGH REDUCTION 
POTENTIAL METAL CATIONS FOR PRIMARY BATTERY APPLICATIONS  
 
Introduction 
 As mentioned in the previous chapter, the goal of primary batteries is to have an 
extended, high rate capacity over 3 V.  It also suggested in chapter six that the capacity 
could be extended by using two high reduction potential transition metals, e.g. Ag and Fe.  
The new silver iron (III) vanadates that were discussed in chapter 6 did contain an 
extended capacity; however it only had a small portion above the 3 V goal.  This was 
caused by two factors:  1) The Ag cations had a low coordination number, therefore the 
oxygen in their coordination sphere were too close and made the Ag more difficult to 
reduce which gives a lower reduction potential.  2) The vanadium does not act like 
phosphate in LiFePO41 to increase the reduction potential of the Fe3+/Fe2+ by the 
inductive effect.  This is because the vanadium has a smaller electro-negativity than 
phosphorus; therefore has a smaller inductive effect on the Fe and lowers the reduction 
potential. 
One of the above problems could be controlled by substituting V5+ with the more 
electronegative P5+.  It can be seen from the Pauling electro-negativity that P5+ (2.19) is 
more electronegative than V5+ (2.51)2.  This should then increase the reduction potential 
of the Fe3+/Fe2+ to the reported 3.5 V.3  The only draw back to using phosphate, is that it 
does not have a reduction potential; therefore is considered as wasted weight.  However, 
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phosphorus is much lighter than vanadium, therefore should not cause a great impact on 
the theoretical capacity.   
In this chapter, seven new silver iron (III) phosphates, Ag4Fe5O2(PO4)5, Ag3Fe3(PO4)4, 
Ag2Fe2O(PO4)2, triclinic and rhombohedral Ag3Fe2(PO4)3, Ag3Fe(PO4)2, and AgFeP2O7 
will be discussed.  Their interesting structural features will be discussed and hypothesized 
on how they will effect the reduction potential and the extended capacity above 3 V.  
Two examples, Ag4Fe5O2(PO4)5 and Ag3Fe3(PO4)4, which show initial capacities at 3.1 V 
will also be discussed. 
 
Synthesis and Characterization of Ag4Fe5O2(PO4)5 
Synthesis 
In studying the Ag2O:Fe2O3:P4O10 phase diagrams, several combinations of ratios of 
binary oxides were purposed.  It was noticed through the exploratory chemistry that the 
target compound was always made when the correct ratio of reactants was used.  On 
exploring different ratios of Ag2O:Fe2O3:P4O10, several new compounds were found.  
One silver iron (III) phosphate that was discovered was Ag4Fe5O2(PO4)5.  This compound 
was synthesized using a stiochiometric mixture of Ag2O (0.04 mmol), Fe2O3 (0.05 
mmol), and P4O10 (0.025 mmol) in a 0.5 g reaction and ground in a nitrogen-blanketed 
drybox.  The mixture was heated to 300ºC at 1ºC per minute and isothermed for 8 hours 
to prevent the decomposition of the Ag2O by allowing it to react with the other reactants 
to form an intermediate.4  It was then heated to 800ºC at 1ºC per minute, isothermed for 3 
days, followed by slow cooling to 500ºC at 0.1ºC per minute to promote crystal growth, 
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finally being furnace cooled to room temperature.  Ca. 90% yield of the Ag4Fe5O2(PO4)5 
phase was obtained, with the other 10% being unidentified polycrystalline material. 
 
Characterization 
Orange column crystals of the Ag4Fe5O2(PO4)5 phase were selected for single-crystal 
X-ray diffraction studies.  The data collections were carried out at room temperature on a 
four-circle Rigaku AFC-8 diffractometer equipped with a CCD area detector using 
graphite monochromated Mo Kα radiation (λ = 0.71073 Å).  The structures were solved 
by direct methods with the SHELXTL-97 program and refined on F2 by least-squares, 
full-matrix techniques.5  The crystallographic data, atomic coordinates, anisotropic 
thermal parameters, and selected bond distances and angles for Ag4Fe5O2(PO4)5 are 
summarized in Tables 7.1-7.4, respectively. 
Powder X-Ray Diffraction 
In order to further confirm the structure solution, a stiochiometric yield is synthesized 
of Ag4Fe5O2(PO4)5.  For phase identification the X-ray powder diffraction data was 
collected on a Scintag XDS 2000 diffractometer with Cu Kα radiation in the 2θ range 2-
65° at a step size of 0.03° at room temperature.  For cell parameter refinement the PXRD 
pattern was refined using the GSAS program.6 
Electrochemical Testing 
Samples were ground and sieved to eliminate particles greater than 37µm.  The 
resulting powder was mixed into a slurry consisting of 80% active material 
(Ag4Fe5O2(PO4)5), 10% PvDF binder and 10% acetylene black as conductive additive.  
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The mixture was thoroughly mixed and laminated onto an Al-current collector and dried 
for 2 hours to eliminate residual solvent. 
Electrochemical evaluation was done using 2032 (1.6 cm2) cell hardware.  Half cells 
were built in an Ar-atmosphere glovebox using lithium metal as the counter electrode, 
1.0M LiPF6 in EC/DEC (50/50), and Celgard 2325 separators.  Cells were evaluated as 
primary cells using a discharge routine that stepped down the voltage 50mV using 0.1 
mA and then rested for 6 hours to allow for equilibration.  The voltage window used was 
3.5-1.0 V. 
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Table 7.1 Crystallographic Data for Ag4Fe5O2(PO4)5. 
Chemical formula Ag4Fe5O2(PO4)5 
Crystal color, shape Orange column 
Crystal size (mm) 0.15 × 0.13 × 0.23 
Formula weight (g/mol) 1217.57 
Space group P21 (no. 4) 
a (Å) 9.924(2) 
b (Å) 6.327(1) 
c (Å) 14.150(3) 
β (º) 90.02(3) 
V (Å3) 888.41(3) 
Z 2 
ρ(calc) (g/cm3) 4.551 
Linear abs. coeff. (mm-1) 4.418 
F000 569 
T (K) 293(2) 
Reflections collected 7555 
Reflections unique 2885 
Rint/Rsigmaa 0.0250/0.1173 
Final R1/wR2/GOF (all data) 0.1196/0.2977/1.032 
Largest difference peak (e-/Å3) 4.729 
Largest difference hole (e-/Å3) -3.076 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 7.2 Atomic Coordinates and Equivalent Displacement Parameters for 
Ag4Fe5O2(PO4)5. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Ag(1) 2a 1.0 0.3834(3) 0.2881(9) 0.4409(2) 0.028(2) 
Ag(2) 2a 1.0 0.6212(3) 0.282(1) 0.0028(2) 0.024(2) 
Ag(3) 2a 1.0 0.9092(3) 0.296(1) 0.0229(2) 0.030(2) 
Ag(4) 2a 1.0 0.0077(8) 0.053(1) 0.4866(9) 0.036(3) 
Fe(1) 2a 1.0 0.0650(5) 0.280(1) 0.8025(3) 0.009(2) 
Fe(2) 2a 1.0 0.4311(4) 0.287(1) 0.8343(3) 0.008(2) 
Fe(3) 2a 1.0 0.7291(5) 0.288(2) 0.4021(3) 0.014(2) 
Fe(4) 2a 1.0 0.2505(7) 0.541(1) 0.2101(5) 0.010(3) 
Fe(5) 2a 1.0 0.2498(7) 0.011(1) 0.2111(6) 0.011(3) 
P(1) 2a 1.0 0.9613(8) 0.282(2) 0.2381(6) 0.008(4) 
P(2) 2a 1.0 0.5332(9) 0.282(3) 0.2107(6) 0.021(5) 
P(3) 2a 1.0 0.2328(8) 0.295(2) 0.0123(6) 0.006(4) 
P(4) 2a 1.0 0.7141(9) 0.296(2) 0.5924(6) 0.013(4) 
P(5) 2a 1.0 0.2363(10) 0.288(2) 0.6428(6) 0.035(5) 
O(1) 2a 1.0 0.916(3) 0.482(5) 0.172(2) 0.00(1) 
O(2) 2a 1.0 0.605(3) 0.287(8) 0.516(2) 0.06(2) 
O(3) 2a 1.0 0.117(3) 0.273(6) 0.940(2) 0.02(1) 
O(4) 2a 1.0 0.868(4) 0.300(6) 0.799(2) 0.09(2) 
O(5) 2a 1.0 0.926(3) 0.090(5) 0.197(2) 0.02(2) 
O(6) 2a 1.0 0.195(3) 0.490(6) 0.067(3) 0.00(1) 
O(7) 2a 1.0 0.121(2) 0.305(6) 0.244(2) 0.02(1) 
O(8) 2a 1.0 0.370(2) 0.290(6) 0.218(2) 0.02(1) 
O(9) 2a 1.0 0.293(4) 0.264(7) 0.747(2) 0.09(2) 
O(10) 2a 1.0 0.843(2) 0.258(5) 0.529(2) 0.01(1) 
O(11) 2a 1.0 0.233(3) 0.083(5) 0.075(2) 0.00(1) 
O(12) 2a 1.0 0.372(2) 0.278(6) 0.964(1) 0.01(1) 
O(13) 2a 1.0 0.580(3) 0.489(6) 0.158(3) 0.04(2) 
O(14) 2a 1.0 0.700(6) 0.504(7) 0.643(3) 0.11(4) 
O(15) 2a 1.0 0.076(3) 0.286(8) 0.663(2) 0.03(2) 
O(16) 2a 1.0 0.906(2) 0.254(4) 0.341(2) 0.00(1) 
O(17) 2a 1.0 0.573(4) 0.107(6) 0.158(3) 0.04(2) 
O(18) 2a 1.0 0.274(5) 0.098(7) 0.582(4) 0.06(3) 
O(19) 2a 1.0 0.722(4) 0.091(5) 0.659(2) 0.04(2) 
O(20) 2a 1.0 0.280(4) 0.472(7) 0.588(2) 0.04(2) 
O(21) 2a 1.0 0.623(3) 0.305(6) 0.827(3) 0.03(2) 
O(22) 2a 1.0 0.582(3) 0.289(9) 0.314(2) 0.01(1) 
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Table 7.3 Anisotropic thermal parameters (U × 103) for Ag4Fe5O2(PO4)5. 
  U11 U22 U33 U23 U13 U12 
Ag(1) 28(2) 31(2) 24(2) -5(2) 2(1) 7(2) 
Ag(2) 24(2) 51(2) 20(2) -18(3) -2(1) 14(3) 
Ag(3) 30(2) 65(3) 27(2) 10(3) 4(1) 26(3) 
Ag(4) 36(3) 41(3) 177(8) -42(4) -42(4) 25(2) 
Fe(1) 9(2) 9(3) 16(2) -14(3) 1(2) -3(3) 
Fe(2) 8(2) 11(3) 13(2) 5(3) -2(2) -4(4) 
Fe(3) 14(2) 14(3) 15(2) 6(3) 1(2) -10(4) 
Fe(4) 10(3) 14(4) 6(4) 1(2) -3(3) -4(3) 
Fe(5) 11(3) 8(3) 13(4) 2(3) 6(3) -7(3) 
P(1) 8(4) 12(5) 16(4) 0(6) 7(3) -17(6) 
P(2) 21(5) 16(5) 12(4) 12(6) -4(3) -23(7) 
P(3) 6(4) 7(4) 11(4) 4(5) 4(3) -8(6) 
P(4) 13(4) 9(5) 13(4) 16(6) -4(3) -10(6) 
P(5) 35(5) 8(5) 14(4) 15(6) -22(4) -25(7) 
O(1) 0(13) 18(16) 0(13) 10(11) -15(10) -8(12) 
O(2) 58(19) 19(15) 13(11) 10(19) 33(12) 20(20) 
O(3) 23(14) 50(20) 21(14) 60(18) 12(11) 51(18) 
O(4) 90(20) 0(14) 4(11) 17(14) -25(13) -30(20) 
O(5) 15(16) 0(13) 2(15) 3(11) 17(12) -10(12) 
O(6) 0(14) 40(20) 24(18) 11(15) -15(12) -16(14) 
O(7) 18(12) 0(14) 0(9) -7(11) 10(8) 13(14) 
O(8) 19(12) 8(13) 14(11) -18(15) -24(9) -29(16) 
O(9) 90(20) 14(17) 0(11) -3(15) 6(12) -10(20) 
O(10) 8(11) 0(15) 20(12) -2(12) 3(9) 16(12) 
O(11) 0(13) 14(15) 0(13) 15(11) -4(10) 15(11) 
O(12) 7(11) 60(20) 0(10) 47(15) -8(8) -65(16) 
O(13) 4(15) 25(19) 30(20) 31(15) 29(14) -12(14) 
O(14) 110(40) 20(20) 20(30) 24(18) -30(20) 50(20) 
O(15) 30(15) 30(18) 26(14) -30(20) 3(11) 10(20) 
O(16) 0(10) 0(16) 44(16) -46(14) 19(10) -16(11) 
O(17) 40(20) 2(17) 80(30) 42(19) -40(20) -18(16) 
O(18) 60(30) 0(20) 130(40) 10(20) -70(30) -10(20) 
O(19) 36(18) 0(13) 0(13) -5(11) -39(13) 9(14) 
O(20) 40(20) 50(20) 0(15) -1(15) 26(15) 16(19) 
O(21) 25(15) 0(17) 90(30) 30(20) -25(17) -20(17) 
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O(22) 10(13) 70(20) 25(14) 0(20) 11(11) 60(20) 
 
 
Table 7.4 Selected bond distances and angles for Ag4Fe5O2(PO4)5. 
Ag(1)-O(14)#1 2.30(3) Fe(4)-O(4)#8 2.02(3) 
Ag(1)-O(2) 2.44(3) Fe(4)-O(8)#13 1.98(4) 
Ag(1)-O(18) 2.57(6) Fe(4)-O(7) 2.03(3) 
Ag(1)-O(19)#2 2.60(3) Fe(4)-O(6) 2.12(4) 
Ag(2)-O(21) 2.49(4) Fe(4)-O(21)#8 2.16(4) 
Ag(2)-O(17) 2.50(4) Fe(5)-O(4)#8 1.78(4) 
Ag(2)-O(12)#3 2.53(2) Fe(5)-O(14)#12 2.13(5) 
Ag(2)-O(13) 2.59(4) Fe(5)-O(11)#14 1.99(3) 
Ag(3)-O(3) 2.38(2) Fe(5)-O(21)#8 1.90(3) 
Ag(3)-O(1) 2.42(3) Fe(5)-O(8)#15 2.13(3) 
Ag(3)-O(6)#4 2.54(4) Fe(5)-O(7)#14 2.30(3) 
Ag(4)-O(10)#3 2.17(3) P(1)-O(5) 1.39(3) 
Ag(4)-O(10)#1 2.39(3) P(1)-O(7) 1.59(2) 
Ag(4)-O(16)#5 2.62(3) P(1)-O(16) 1.57(3) 
Fe(1)-O(5)#8 1.96(3) P(1)-O(1) 1.63(3) 
Fe(1)-O(15) 1.98(3) P(2)-O(17) 1.39(5) 
Fe(1)-O(4) 1.96(4) P(2)-O(8) 1.62(3) 
Fe(1)-O(1)#4 1.93(3) P(2)-O(22) 1.54(3) 
Fe(1)-O(3) 2.02(3) P(2)-O(13) 1.58(3) 
Fe(2)-O(9)#3 1.85(3) P(3)-O(12) 1.54(3) 
Fe(2)-O(21) 1.91(3) P(3)-O(3) 1.54(3) 
Fe(2)-O(13)#9 1.89(4) P(3)-O(11) 1.60(3) 
Fe(2)-O(12)#3 1.93(2) P(3)-O(6) 1.51(5) 
Fe(2)-O(17)#10 2.02(4) P(4)-O(2) 1.53(3) 
Fe(3)-O(22)#11 1.92(3) P(4)-O(19) 1.61(3) 
Fe(3)-O(20)#1 2.01(4) P(4)-O(10) 1.59(2) 
Fe(3)-O(18)#2 1.98(5) P(4)-O(14) 1.50(5) 
Fe(3)-O(16)#11 1.96(2) P(5)-O(20) 1.47(4) 
Fe(3)-O(2) 2.03(2) P(5)-O(9) 1.59(3) 
Fe(3)-O(10) 2.13(3) P(5)-O(18) 1.52(6) 
Fe(4)-O(19)#12 1.90(3) P(5)-O(15) 1.61(3) 
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O(14)#1-Ag(1)-O(2) 123.0(18) O(4)#8-Fe(4)-O(7) 104.0(15) 
O(14)#1-Ag(1)-O(18) 83.1(17) O(8)#13-Fe(4)-O(7) 77.3(11) 
O(2)-Ag(1)-O(18) 92.5(12) O(19)#12-Fe(4)-O(6) 173.3(16) 
O(14)#1-Ag(1)-
O(19)#2 98.7(13) O(4)#8-Fe(4)-O(6) 84.8(13) 
O(2)-Ag(1)-O(19)#2 126.9(13) O(8)#13-Fe(4)-O(6) 94.9(13) 
O(18)-Ag(1)-O(19)#2 126.6(15) O(7)-Fe(4)-O(6) 87.0(12) 
O(21)-Ag(2)-O(17) 154.3(13) O(19)#12-Fe(4)-O(21)#8 91.3(14) 
O(21)-Ag(2)-O(12)#3 78.0(8) O(4)#8-Fe(4)-O(21)#8 72.3(15) 
O(17)-Ag(2)-O(12)#3 89.7(10) O(8)#13-Fe(4)-O(21)#8 106.5(11) 
O(21)-Ag(2)-O(13) 144.8(13) O(7)-Fe(4)-O(21)#8 176.2(12) 
O(17)-Ag(2)-O(13) 56.8(10) O(6)-Fe(4)-O(21)#8 92.0(14) 
O(3)-Ag(3)-O(1) 115.8(13) O(4)#8-Fe(5)-O(14)#12 102.5(14) 
O(3)-Ag(3)-O(6)#4 93.4(14) O(4)#8-Fe(5)-O(11)#14 92.2(13) 
O(1)-Ag(3)-O(6)#4 145.1(12) 
O(14)#12-Fe(5)-
O(11)#14 165.3(16) 
O(10)#3-Ag(4)-
O(10)#1 163.2(12) O(4)#8-Fe(5)-O(21)#8 84.3(15) 
O(10)#3-Ag(4)-
O(16)#5 68.6(8) O(14)#12-Fe(5)-O(21)#8 96(2) 
O(10)#1-Ag(4)-
O(16)#5 123.2(9) O(11)#14-Fe(5)-O(21)#8 86.2(16) 
O(5)#8-Fe(1)-O(15) 89.0(18) O(4)#8-Fe(5)-O(8)#15 172.5(14) 
O(5)#8-Fe(1)-O(4) 88.8(15) O(14)#12-Fe(5)-O(8)#15 81.1(13) 
O(15)-Fe(1)-O(4) 91.7(11) O(11)#14-Fe(5)-O(8)#15 84.2(12) 
O(5)#8-Fe(1)-O(1)#4 166.5(12) O(21)#8-Fe(5)-O(8)#15 102.0(15) 
O(15)-Fe(1)-O(1)#4 101.3(17) O(4)#8-Fe(5)-O(7)#14 104.8(12) 
O(4)-Fe(1)-O(1)#4 99.5(15) O(14)#12-Fe(5)-O(7)#14 87.2(16) 
O(5)#8-Fe(1)-O(3) 90.5(15) O(11)#14-Fe(5)-O(7)#14 88.0(10) 
O(15)-Fe(1)-O(3) 162.0(11) O(21)#8-Fe(5)-O(7)#14 169.4(16) 
O(4)-Fe(1)-O(3) 106.3(10) O(8)#15-Fe(5)-O(7)#14 68.6(11) 
O(1)#4-Fe(1)-O(3) 76.9(14) O(5)-P(1)-O(7) 110(2) 
O(9)#3-Fe(2)-O(21) 135.0(16) O(5)-P(1)-O(16) 101.6(16) 
O(9)#3-Fe(2)-O(13)#9 85.2(19) O(7)-P(1)-O(16) 108.3(12) 
O(21)-Fe(2)-O(13)#9 97.0(16) O(5)-P(1)-O(1) 111.7(16) 
O(9)#3-Fe(2)-O(12)#3 114.0(11) O(7)-P(1)-O(1) 103.4(17) 
O(21)-Fe(2)-O(12)#3 110.9(14) O(16)-P(1)-O(1) 121.4(17) 
O(13)#9-Fe(2)-
O(12)#3 83.8(15) O(17)-P(2)-O(8) 110(2) 
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O(9)#3-Fe(2)-
O(17)#10 95.9(18) O(17)-P(2)-O(22) 116(2) 
O(21)-Fe(2)-O(17)#10 87.9(18) O(8)-P(2)-O(22) 104.9(13) 
O(13)#9-Fe(2)-
O(17)#10 171.9(14) O(17)-P(2)-O(13) 108.7(17) 
O(12)#3-Fe(2)-
O(17)#10 88.4(18) O(8)-P(2)-O(13) 107.3(19) 
O(22)#11-Fe(3)-
O(20)#1 91(2) O(22)-P(2)-O(13) 109(3) 
O(22)#11-Fe(3)-
O(18)#2 94(2) O(12)-P(3)-O(3) 111.7(12) 
O(20)#1-Fe(3)-
O(18)#2 168.7(18) O(12)-P(3)-O(11) 100.3(17) 
O(22)#11-Fe(3)-
O(16)#11 113.2(11) O(3)-P(3)-O(11) 106.9(18) 
O(20)#1-Fe(3)-
O(16)#11 87.8(13) O(12)-P(3)-O(6) 120(2) 
O(18)#2-Fe(3)-
O(16)#11 100(2) O(3)-P(3)-O(6) 103.2(19) 
O(22)#11-Fe(3)-O(2) 93.2(12) O(11)-P(3)-O(6) 113.8(15) 
O(20)#1-Fe(3)-O(2) 85.0(16) O(2)-P(4)-O(19) 114(2) 
O(18)#2-Fe(3)-O(2) 84(2) O(2)-P(4)-O(10) 99.5(13) 
O(16)#11-Fe(3)-O(2) 152.8(13) O(19)-P(4)-O(10) 99.9(19) 
O(22)#11-Fe(3)-O(10) 162.2(12) O(2)-P(4)-O(14) 108(2) 
O(20)#1-Fe(3)-O(10) 82.8(15) O(19)-P(4)-O(14) 115.8(17) 
O(18)#2-Fe(3)-O(10) 89.9(16) O(10)-P(4)-O(14) 118(3) 
O(16)#11-Fe(3)-O(10) 83.3(11) O(20)-P(5)-O(9) 118(2) 
O(2)-Fe(3)-O(10) 69.8(11) O(20)-P(5)-O(18) 105(2) 
O(19)#12-Fe(4)-
O(4)#8 90.7(12) O(9)-P(5)-O(18) 112(3) 
O(19)#12-Fe(4)-
O(8)#13 89.7(12) O(20)-P(5)-O(15) 113(3) 
O(4)#8-Fe(4)-O(8)#13 178.7(15) O(9)-P(5)-O(15) 100.8(18) 
O(19)#12-Fe(4)-O(7) 89.2(12) O(18)-P(5)-O(15) 109(3) 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,y-1/2,-z+1 #2 
-x+1,y+1/2,-
z+1 
#3 x-1,y,z #4 -x,y-1/2,-z+2 
#5 x,y,z-1 #6 -x,y-1/2,-z+1 
#7 -x,y+1/2,-z+1 #8 -x,y+1/2,-z+2 
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#9 -x-1,y-1/2,-z+2 #10 
-x-1,y+1/2,-
z+2 
#11 x+1,y,z-1 #12 
-x+1,y+1/2,-
z+2 
#13 x+1,y,z #14 x,y+1,z 
#15 x+1,y+1,z #16 x,y-1,z 
#17 x-1,y-1,z #18 
-x+1,y-1/2,-
z+2 
#19 x-1,y,z+1 #20 x,y,z+1 
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Results and Discussion 
Synthesis and Structure 
The Ag4Fe5O2(PO4)5 phase was isolated by traditional high-temperature, solid-state 
methods.  The as-prepared crystals are orange columns.  The X-ray single-crystal 
structure reveals a channel framework where the Ag cations reside.  There is one channel 
down the b-axis (Fig. 7.1).  The channel down the b-axis is made of FeO6 octahedra 
which are corner and edge-shared to PO4 tetrahedra which form the 8-membered ring.  
There are 5 different crystallographic Fe sites, where 4 Fe are octahedral while the 5th 
Fe(2) is trigonal bypyramid.  The iron-oxide framework consists of a chain down the 
[010] direction which is made of edge-shared Fe(4) and Fe(5).  The Fe(1) and Fe(2) sites 
are corner-shared to the chain, to form a µ3-oxygen.  The last Fe (Fe(3)) is isolated from 
all of the other Fe sites (Fig. 7.2).  The Fe connectivity is hypothesized to be 
advantageous due to the edge and corner-sharing of the Fe, which will lower the 
Madelung energy and produce an increased reduction potential for the Fe3+/Fe2+.  The Ag 
cations connectivity is also hypothesized to help the extended capacity over 3 V.  This is 
because 3 of the 4 Ag cations are 6 coordinate, and the fourth is 5 coordinate (Fig. 7.3).   
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Figure 7.1.  Ball and stick representation of Ag4Fe5O2(PO4)5 showing the channels 
down the b-axis. 
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Figure 7.2.  The Fe connectivity of Ag4Fe5O2(PO4)5 showing the edge-shared Fe(4) 
and Fe(5), with corner-shared Fe(1) and Fe(2), and the isolated Fe(3) site. 
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Figure 7.3.  The Ag environment of Ag4Fe5O2(PO4)5 showing the 5 and 6 coordinate 
Ag sites. 
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As described above, Ag4Fe5O2(PO4)5 contains several advantages that should make 
this it a great battery material.  Therefore, a large quantity stiochiometric synthesis was 
attempted.  From the PXRD, it can be seen that the 100% yield has been synthesized in 
the same manner as described above (Fig. 7.4).  This also helps to further prove that the 
single crystal solution is correct, even though from Table 7.1, the R-value is large and 
there are large difference peaks and holes.  This reaction was subject to electrochemical 
analysis at Argonne National Labs by Dr. Jack Vaughey. 
 
Electrochemical Testing 
As described earlier, to extend the discharge capacity, our idea is to add another 
transition metal that will be reduced above 3V.  As described in the previous chapters, the 
Fe3+ to Fe2+ reduction potential can be increased to 3.5V by using a polyanion.  It has also 
been shown that the higher electro-negativity of the phosphorus is needed to acquire this 
voltage.  Ag4Fe5O2(PO4)5  has several properties that make it a potentially useful primary 
lithium battery material.  Ag4Fe5O2(PO4)5 has a higher silver/iron to phosphorus ratio 
than the well known SVO materials (1:2).  It also contains edge and corner-shared irons, 
which lowers the Madelung energy to allow for a high Fe3+/Fe2+ reduction potential.  It 
also uses a lighter weight polyanion (P5+), therefore reduces the dead weight compared 
with that of the vanadium compounds.  Finally, it has high Ag coordination, which 
should allow the Ag to be reduced easier and give the high potential. 
The open circuit voltage (OCV) was measured on this material to determine the 
electrochemical properties.  As seen in Figure 7.5, there is one silver reduction event, 
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which occurs at 3.25 V.  It is speculate that the reason there is only one reduction 
potential for the Ag, is because this is the highest reduction potential for Ag.  Therefore, 
there will only be a difference in reduction potentials if there is less then 5 oxygen 
coordinated to the Ag.  In addition, the iron’s voltage plateau is possibly at 2.5 V, which 
is lower than would be expected.  It is hypothesized that this lower potential of the Fe is 
due to the structure being destroyed after all the Ag is reduced.  This would then separate 
the atoms from each other and the inductive effect would no longer affect the reduction 
potential of the Fe.  The presence of Fe0 was proven by PXRD, which was taken of the 
cycled material and showed to have peaks corresponding to Fe0. 
The theoretical capacity of SFPO is 198 mAh/g.  From Fig. 7.24, it can be seen that 
the experimental capacity is 350 mAh/g.  The higher capacity is due to the further 
reduction of the Fe(II) to Fe0.  Therefore, there is 16 Li per formula unit inserted into this 
material.  Even though this material has a very high capacity, only 15% is above the 3 V 
goal; therefore not reaching the goal of an extended capacity vs. the commercial SVO 
(33%).7 
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Figure 7.5.  OCV of Ag4Fe5O2(PO4)5 showing the Ag reduction at 3.25 V and the Fe 
reduction at 2.5 V. 
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Figure 7.4.  PXRD pattern of Ag4Fe5O2(PO4)5 (top) vs. the SXRD calculated pattern 
(bottom). 
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Synthesis and Characterization of Ag3Fe3(PO4)4 
Synthesis 
Another silver iron (III) phosphate that was discovered was Ag3Fe3(PO4)4.  This ratio 
was attempted due to a compound that was discussed in an earlier chapter.  This 
compound was synthesized using Ag2O (0.03 mmol), Fe2O3 (0.03 mmol), and P4O10 
(0.02 mmol) in a 0.5 g reaction and ground in a nitrogen-blanketed drybox.  The mixture 
was heated to 300ºC at 1ºC per minute and isothermed for 8 hours.  It was then heated to 
800ºC at 1ºC per minute, isothermed for 3 days, followed by slow cooling to 500ºC at 
0.1ºC per minute to promote crystal growth, finally being furnace cooled to room 
temperature.  Ca. 90% yield of the Ag3Fe3(PO4)4 phase was obtained, with the other 10% 
being unidentified polycrystalline material. 
 
Characterization 
Orange column crystals of the Ag3Fe3(PO4)4 phase were selected for single-crystal X-
ray diffraction studies.  The data collections were carried out in a similar manner as 
described above.  The crystallographic data, atomic coordinates, anisotropic thermal 
parameters, and selected bond distances and angles for Ag3Fe3(PO4)4 are summarized in 
Tables 7.5-7.8, respectively. 
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Table 7.5 Crystallographic Data for Ag3Fe3(PO4)4. 
Chemical formula Ag3Fe3(PO4)4 
Crystal color, shape Green, plate 
Crystal size (mm) 0.14 × 0.14 × 0.09 
Formula weight (g/mol) 871.03 
Space group P21/c (no. 14) 
a (Å) 8.675(2) 
b (Å) 9.981(2) 
c (Å) 14.626(3) 
β (º) 105.67(3) 
V (Å3) 1219.3(4) 
Z 4 
ρ(calc) (g/cm3) 4.745 
Linear abs. coeff. (mm-1) 4.414 
F000 814 
T (K) 293(2) 
Reflections collected 9560 
Reflections unique 2142 
Rint/Rsigmaa 0.0441/0.0493 
Final R1/wR2/GOF (all data) 0.0528/0.1389/1.051 
Largest difference peak (e-/Å3) 1.450 
Largest difference hole (e-/Å3) -2.522 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 7.6 Atomic Coordinates and Equivalent Displacement Parameters for 
Ag3Fe3(PO4)4. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Ag(1) 4e 1.0 0.71801(9) 0.42518(8) 0.18513(6) 0.0393(5) 
Ag(2) 4e 1.0 0.01246(10) 0.42868(7) 0.09549(6) 0.0473(5) 
Ag(3) 4e 1.0 0.74262(11) 0.6444(1) 0.33245(8) 0.0354(5) 
Fe(1) 4e 1.0 0.37284(12) 0.8841(1) 0.62384(7) 0.0147(6) 
Fe(2) 4e 1.0 0.40572(13) 0.6268(1) 0.45267(7) 0.0148(6) 
Fe(3) 4e 1.0 0.90598(13) 0.8868(1) 0.14390(7) 0.0155(6) 
P(1) 4e 1.0 0.3254(2) 0.35159(18) 0.9799(1) 0.015(1) 
P(2) 4e 1.0 0.1270(2) 0.64376(18) 0.5019(1) 0.0149(9) 
P(3) 4e 1.0 0.8716(2) 0.15393(18) 0.2494(1) 0.0139(9) 
P(4) 4e 1.0 0.4422(2) 0.40070(18) 0.3073(1) 0.018(1) 
O(1) 4e 1.0 0.0997(7) 0.5955(5) 0.5948(4) 0.024(3) 
O(2) 4e 1.0 0.9493(6) 0.2921(5) 0.2515(4) 0.018(3) 
O(3) 4e 1.0 0.8342(6) 0.1198(5) 0.3438(4) 0.018(3) 
O(4) 4e 1.0 0.1997(6) 0.5226(5) 0.4582(4) 0.011(2) 
O(5) 4e 1.0 0.2717(6) 0.4669(5) 0.0340(4) 0.021(3) 
O(6) 4e 1.0 0.4312(7) 0.2542(6) 0.0520(4) 0.020(3) 
O(7) 4e 1.0 0.4948(6) 0.4565(5) 0.4127(4) 0.017(2) 
O(8) 4e 1.0 0.4235(6) 0.4086(5) -0.0849(4) 0.021(3) 
O(9) 4e 1.0 0.1778(7) 0.2783(6) -0.0786(4) 0.022(3) 
O(10) 4e 1.0 0.7116(6) 0.1692(5) 0.1733(4) 0.016(3) 
O(11) 4e 1.0 0.4858(6) 0.5055(5) 0.2413(4) 0.019(3) 
O(12) 4e 1.0 0.5365(7) 0.2742(5) 0.3020(4) 0.029(3) 
O(13) 4e 1.0 0.9843(6) 0.7073(5) 0.4349(4) 0.018(3) 
O(14) 4e 1.0 0.2749(6) 0.7433(5) 0.5180(4) 0.018(3) 
O(15) 4e 1.0 0.2647(6) 0.3733(5) 0.2833(4) 0.016(3) 
O(16) 4e 1.0 0.0157(6) 0.5490(5) 0.2718(4) 0.017(3) 
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Table 7.7 Anisotropic thermal parameters (U × 103) for Ag3Fe3(PO4)4. 
  U11 U22 U33 U23 U13 U12 
Ag(1) 39(1) 34(1) 53(1) 17(1) 18(1) 20(1) 
Ag(2) 47(1) 26(1) 58(1) -18(1) 22(1) -15(1) 
Ag(3) 35(1) 52(1) 63(1) -10(1) -10(1) -4(1) 
Fe(1) 15(1) 10(1) 19(1) 0(1) 5(1) 0(1) 
Fe(2) 15(1) 12(1) 17(1) 0(1) 4(1) 0(1) 
Fe(3) 16(1) 10(1) 19(1) 1(1) 6(1) 1(1) 
P(1) 15(1) 11(1) 18(1) -1(1) 5(1) -1(1) 
P(2) 15(1) 12(1) 17(1) -2(1) 7(1) -2(1) 
P(3) 14(1) 11(1) 18(1) 0(1) 4(1) -1(1) 
P(4) 18(1) 11(1) 18(1) 0(1) 6(1) 1(1) 
O(1) 24(3) 16(2) 21(3) 1(2) 11(2) 0(2) 
O(2) 18(3) 10(2) 25(3) 2(2) 6(2) 0(2) 
O(3) 18(3) 14(2) 18(3) -1(2) 7(2) 2(2) 
O(4) 11(2) 15(2) 21(2) 2(2) 6(2) 2(2) 
O(5) 21(3) 15(3) 26(3) -5(2) 9(2) 0(2) 
O(6) 20(3) 23(3) 21(3) 2(2) 3(2) 7(2) 
O(7) 17(2) 12(2) 23(3) 1(2) 7(2) 3(2) 
O(8) 21(3) 16(2) 19(3) 1(2) 5(2) 0(2) 
O(9) 22(3) 20(3) 28(3) -8(2) 11(2) -4(2) 
O(10) 16(3) 15(2) 23(3) 0(2) 6(2) 2(2) 
O(11) 19(3) 16(3) 23(3) 0(2) 5(2) 0(2) 
O(12) 29(3) 13(2) 18(2) -1(2) 8(2) -1(2) 
O(13) 18(3) 15(2) 26(3) -2(2) -1(2) 0(2) 
O(14) 18(3) 12(2) 23(3) -4(2) 9(2) 0(2) 
O(15) 16(3) 25(3) 22(3) -1(2) 5(2) -1(2) 
O(16) 17(3) 16(3) 21(3) 2(2) 4(2) -2(2) 
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Table 7.8 Selected bond distances and angles for Ag3Fe3(PO4)4. 
Ag(1)-O(8)#1 2.332(5) Fe(3)-O(1)#10 2.006(6) 
Ag(1)-O(2) 2.383(5) Fe(3)-O(16)#3 2.037(5) 
Ag(1)-O(11)#2 2.503(5) Fe(3)-O(4)#3 2.042(5) 
Ag(1)-O(10) 2.560(5) Fe(3)-O(15)#3 2.048(6) 
Ag(2)-O(13)#3 2.255(5) P(1)-O(9) 1.522(6) 
Ag(2)-O(3)#4 2.358(5) P(1)-O(5) 1.538(5) 
Ag(3)-O(13) 2.310(5) P(1)-O(6) 1.541(6) 
Fe(1)-O(12)#5 1.957(5) P(1)-O(8) 1.544(6) 
Fe(1)-O(3)#6 1.977(5) P(2)-O(13) 1.497(6) 
Fe(1)-O(8)#7 2.012(5) P(2)-O(1) 1.520(6) 
Fe(1)-O(5)#8 2.021(5) P(2)-O(4) 1.576(5) 
Fe(1)-O(11)#8 2.053(5) P(2)-O(14) 1.589(5) 
Fe(1)-O(14) 2.094(5) P(3)-O(2) 1.532(5) 
Fe(2)-O(10)#4 1.897(5) P(3)-O(16)#3 1.520(5) 
Fe(2)-O(6)#7 1.917(6) P(3)-O(10) 1.534(5) 
Fe(2)-O(7) 2.018(5) P(3)-O(3) 1.540(5) 
Fe(2)-O(14) 2.033(5) P(4)-O(15) 1.509(6) 
Fe(2)-O(4) 2.088(5) P(4)-O(12) 1.518(6) 
Fe(2)-O(7)#5 2.097(5) P(4)-O(11) 1.538(6) 
Fe(3)-O(2)#3 1.942(5) P(4)-O(7) 1.586(5) 
Fe(3)-O(9)#9 1.945(5)     
O(8)#1-Ag(1)-O(2) 153.50(18) O(2)#3-Fe(3)-O(1)#10 84.2(2) 
O(8)#1-Ag(1)-
O(11)#2 69.20(18) O(9)#9-Fe(3)-O(1)#10 97.9(2) 
O(2)-Ag(1)-O(11)#2 135.09(18) O(2)#3-Fe(3)-O(16)#3 82.6(2) 
O(8)#1-Ag(1)-O(10) 132.02(18) O(9)#9-Fe(3)-O(16)#3 171.9(2) 
O(2)-Ag(1)-O(10) 58.13(17) O(1)#10-Fe(3)-O(16)#3 88.4(2) 
O(11)#2-Ag(1)-O(10) 109.68(17) O(2)#3-Fe(3)-O(4)#3 165.1(2) 
O(13)#3-Ag(2)-
O(3)#4 146.20(19) O(9)#9-Fe(3)-O(4)#3 99.7(2) 
O(12)#5-Fe(1)-O(3)#6 96.1(2) O(1)#10-Fe(3)-O(4)#3 86.2(2) 
O(12)#5-Fe(1)-O(8)#7 90.2(2) O(16)#3-Fe(3)-O(4)#3 85.8(2) 
O(3)#6-Fe(1)-O(8)#7 173.6(2) O(2)#3-Fe(3)-O(15)#3 87.9(2) 
O(12)#5-Fe(1)-O(5)#8 173.3(2) O(9)#9-Fe(3)-O(15)#3 88.4(2) 
O(3)#6-Fe(1)-O(5)#8 84.7(2) O(1)#10-Fe(3)-O(15)#3 170.1(2) 
O(8)#7-Fe(1)-O(5)#8 89.2(2) O(16)#3-Fe(3)-O(15)#3 84.7(2) 
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O(12)#5-Fe(1)-
O(11)#8 86.6(2) O(4)#3-Fe(3)-O(15)#3 100.3(2) 
O(3)#6-Fe(1)-O(11)#8 94.0(2) O(9)-P(1)-O(5) 108.9(3) 
O(8)#7-Fe(1)-O(11)#8 85.1(2) O(9)-P(1)-O(6) 109.7(3) 
O(5)#8-Fe(1)-O(11)#8 100.0(2) O(5)-P(1)-O(6) 109.1(3) 
O(12)#5-Fe(1)-O(14) 83.7(2) O(9)-P(1)-O(8) 110.6(3) 
O(3)#6-Fe(1)-O(14) 87.2(2) O(5)-P(1)-O(8) 109.5(3) 
O(8)#7-Fe(1)-O(14) 94.8(2) O(6)-P(1)-O(8) 109.1(3) 
O(5)#8-Fe(1)-O(14) 89.7(2) O(13)-P(2)-O(1) 114.8(3) 
O(11)#8-Fe(1)-O(14) 170.2(2) O(13)-P(2)-O(4) 114.3(3) 
O(10)#4-Fe(2)-O(6)#7 91.4(2) O(1)-P(2)-O(4) 107.2(3) 
O(10)#4-Fe(2)-O(7) 93.1(2) O(13)-P(2)-O(14) 108.9(3) 
O(6)#7-Fe(2)-O(7) 101.8(2) O(1)-P(2)-O(14) 112.4(3) 
O(10)#4-Fe(2)-O(14) 96.2(2) O(4)-P(2)-O(14) 98.3(3) 
O(6)#7-Fe(2)-O(14) 98.5(2) O(2)-P(3)-O(16)#3 108.7(3) 
O(7)-Fe(2)-O(14) 157.4(2) O(2)-P(3)-O(10) 103.4(3) 
O(10)#4-Fe(2)-O(4) 84.8(2) O(16)#3-P(3)-O(10) 115.3(3) 
O(6)#7-Fe(2)-O(4) 168.3(2) O(2)-P(3)-O(3) 112.3(3) 
O(7)-Fe(2)-O(4) 89.5(2) O(16)#3-P(3)-O(3) 109.4(3) 
O(14)-Fe(2)-O(4) 71.0(2) O(10)-P(3)-O(3) 107.7(3) 
O(10)#4-Fe(2)-O(7)#5 167.9(2) O(15)-P(4)-O(12) 111.6(3) 
O(6)#7-Fe(2)-O(7)#5 100.1(2) O(15)-P(4)-O(11) 112.7(3) 
O(7)-Fe(2)-O(7)#5 81.1(2) O(12)-P(4)-O(11) 107.8(3) 
O(14)-Fe(2)-O(7)#5 85.8(2) O(15)-P(4)-O(7) 107.3(3) 
O(4)-Fe(2)-O(7)#5 84.6(2) O(12)-P(4)-O(7) 108.9(3) 
O(2)#3-Fe(3)-O(9)#9 92.9(2) O(11)-P(4)-O(7) 108.4(3) 
Symmetry transformations used to generate equivalent atoms: 
#1 -x+2,-y+1,-z #2 x-1,y,z 
#3 
-x+2,y-1/2,-
z+1/2 #4 
-x+2,y+1/2,-
z+1/2 
#5 -x+3,-y+1,-z+1 #6 
-x+2,-y+1,-
z+1 
#7 
-x+3,y+1/2,-
z+1/2 #8 
x,-
y+3/2,z+1/2 
#9 -x+2,-y,-z #10 x,-y+1/2,z-1/2 
#11 x,-y+1/2,z+1/2 #12 x,-y+3/2,z-1/2 
#13 
-x+3,y-1/2,-
z+1/2 #14 x+1,y,z 
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Powder X-Ray Diffraction 
In order to further confirm the structure solution, a stiochiometric yield is synthesized 
of Ag3Fe3(PO4)4.  For phase identification the X-ray powder diffraction data was 
collected on a Scintag XDS 2000 diffractometer with Cu Kα radiation in the 2θ range 2-
65° at a step size of 0.03° at room temperature.  For cell parameter refinement the PXRD 
pattern was refined using the GSAS program.6 
Electrochemical Testing 
Samples were ground and sieved to eliminate particles greater than 37µm.  The 
resulting powder was mixed into a slurry consisting of 80% active material 
(Ag3Fe3(PO4)4), 10% PvDF binder and 10% acetylene black as conductive additive.  The 
mixture was thoroughly mixed and laminated onto an Al-current collector and dried for 2 
hours to eliminate residual solvent. 
Electrochemical evaluation was done using 2032 (1.6 cm2) cell hardware.  Half cells 
were built in an Ar-atmosphere glovebox using lithium metal as the counter electrode, 
1.0M LiPF6 in EC/DEC (50/50), and Celgard 2325 separators.  Cells were evaluated as 
primary cells using a discharge routine that stepped down the voltage 50mV using 0.1 
mA and then rested for 6 hours to allow for equilibration.  The voltage window used was 
3.5-1.0 V. 
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Results and Discussion 
Synthesis and Structure 
The Ag3Fe3(PO4)4 phase was isolated by traditional high-temperature, solid-state 
methods.  The as-prepared crystals are green plates.  The X-ray single-crystal structure 
reveals a channel framework where the Ag cations reside (Fig. 7.6).  There is one channel 
that runs down the a-axis.  This channel is made of FeO6 octahedra which are corner-
shared to PO4 tetrahedra.  Another interesting aspect of this compound is the FeOn 
connectivity.  A hexamer is formed from the Fe-O-Fe bonding (Fig. 7.7).  The hexamer is 
made of two central edge-shared Fe(2)-O sites.  The other four sites are corner-shared to 
the two edge-shared irons to form the hexamer.  From the connectivity it was thought that 
this would give the higher reduction potential by lowering the Madelung constant.  Also, 
the Ag coordination is has two 5 coordinate and one 6 coordinate (Fig. 7.8).  As 
described above, both of these coordinations should be able to give the highest reduction 
potential for Ag. 
As described above, Ag3Fe3(PO4)4 contains several advantages that should make for a 
great battery material.  Therefore, a large quantity stiochiometric synthesis was 
attempted.  From the PXRD, it can be seen that the 100% yield has been synthesized in 
the same manner as described above (Fig. 7.9).  This reaction was subject to 
electrochemical analysis at Argonne National Labs by Dr. Jack Vaughey. 
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Figure 7.6.  Ball and stick diagram of Ag3Fe3(PO4)4 showing the channel framework 
along the a-axis. 
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Figure 7.7.  The Fe framework of Ag3Fe3(PO4)4 showing the hexamer that is formed 
by the edge and corner-shared Fe. 
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Figure 7.8.  The Ag environment of Ag3Fe3(PO4)4 showing the 5 and 6 coordinated 
Ag. 
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Figure 7.9.  PXRD pattern of Ag3Fe3(PO4)4 (top) vs. the SXRD calculated pattern 
(bottom). 
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Electrochemical Testing 
As described earlier, Ag3Fe3(PO4)4  has several properties that make it a potentially 
useful primary lithium battery material.  Ag3Fe3(PO4)4 has a higher silver/iron to 
phosphorus ratio than the well known SVO materials (1:2).  It also contains edge and 
corner-shared irons, which lowers the Madelung energy to allow for a high Fe3+/Fe2+ 
reduction potential.  Finally, it has high Ag coordination, which should allow the Ag to 
be reduced easier and give the high potential. 
The open circuit voltage (OCV) was measured on this material to determine the 
electrochemical properties.  As seen in Figure 7.10, there is one silver reduction event, 
which occurs at 3.25 V.  As described above, the reason that is speculated to that there is 
only one reduction potential for the Ag, is because this is the highest reduction potential 
for Ag.  Therefore, there will only be a difference in reduction potentials if there is less 
then 5 oxygen coordinated to the Ag.  The iron’s voltage plateau is at 2.5 V, which is 
lower than would be expected.  As stated before, it is hypothesized that this lower 
potential of the Fe is due to the structure being destroyed after all the Ag is reduced.  This 
would then separate the atoms from each other and the inductive effect would no longer 
affect the reduction potential of the Fe. 
The theoretical capacity of Ag3Fe3(PO4)4 is 185 mAh/g.  From Fig. 7.10, it can be seen 
that the experimental capacity is 250 mAh/g.  The higher capacity is due to the further 
reduction of the Fe(II) to Fe0.  Therefore, there is 8 Li per formula unit inserted into this 
material.  Even though this material has a very high capacity, only 4% is above the 3 V 
goal; therefore not reaching the goal of an extended capacity. 
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Figure 7.10.  OCV of Ag3Fe3(PO4)4 showing the Ag reduction at 3.25 V and the Fe 
reduction at 2.5 V. 
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Synthesis and Characterization of Ag2Fe2O(PO4)2 
Synthesis 
In studying the Ag2O:Fe2O3:P4O10 phase diagrams, several combinations of ratios of 
binary oxides were purposed.  In the case of Ag2Fe2O(PO4)2, sizable crystals (black 
column crystals) were grown using a high temperature reaction method in a fused silica 
ampoule under vacuum.  Ag2O (0.02 mmol), Fe2O3 (0.02 mmol), and P4O10 (0.01 mmol) 
were used, as received (Table 2.1) in a 0.5 g reaction which was ground in a nitrogen-
blanketed drybox.  The mixture was heated to 300ºC at 1ºC per minute and isothermed 
for 8 hours.  It was then heated to 800ºC at 1ºC per minute, isothermed for 3 days, 
followed by slow cooling to 500ºC at 0.1ºC per minute to promote crystal growth, finally 
being furnace cooled to room temperature.  Ca. 60% yield of Ag2Fe2O(PO4)2 was 
obtained, with 25% being Ag3PO48 and the other 15% being unidentified polycrystalline 
material. 
 
Characterization 
Black column crystals from different reactions were selected under an optical 
microscope equipped with a polarized light attachment and mounted on glass fibers for 
single-crystal X-ray diffraction study.  The data collections were carried out in a similar 
manner as described above.  The crystallographic data, atomic coordinates, anisotropic 
thermal parameters, and selected bond distances and angles for Ag2Fe2O(PO4)2 are 
summarized in Tables 7.9 - 7.12. 
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Table 7.9 Crystallographic Data for Ag2Fe2O(PO4)2 
Chemical formula Ag2Fe2O(PO4)2 
Crystal color, shape Black, Column 
Crystal size (mm) 0.20 × 0.23 × 0.33 
Formula weight (g/mol) 533.37 
Space group P21/m (no. 11) 
a (Å) 6.257(1) 
b (Å) 6.805(1) 
c (Å) 8.745(2) 
β(º) 104.05(3) 
V (Å3) 361.2(2) 
Z 2 
ρ(calc) (g/cm3) 4.904 
Linear abs. coeff. (mm-1) 4.876 
F000 248 
T (K) 293(2) 
Reflections collected 2986 
Reflections unique 693 
Rint/Rsigmaa 0.0369/0.0358 
Final R1/wR2/GOF (all data) 0.0395/0.0944/1.050 
Largest difference peak (e-/Å3) 1.248 
Largest difference hole (e-/Å3) -1.124 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 7.10 Atomic Coordinates and Equivalent Displacement Parameters for 
Ag2Fe2O(PO4)2. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Ag(1) 2e 1.0 0.9839(1) 1/4 0.85931(9) 0.0251(5) 
Ag(2) 2c 1.0 0 0 1/2 0.0929(9) 
Fe(1) 2e 1.0 0.4471(2) 1/4 0.2860(2) 0.0090(6) 
Fe(2) 2b 1.0 0.50000 0 0 0.0116(6) 
P(1) 2e 1.0 0.4408(4) 1/4 0.6691(2) 0.013(1) 
P(2) 2e 1.0 0.8923(4) 1/4 0.1896(3) 0.010(1) 
O(1) 2e 1.0 0.192(1) 1/4 0.6437(8) 0.009(3) 
O(2) 2e 1.0 0.7710(9) 1/4 0.3244(7) 0.009(3) 
O(3) 4f 1.0 0.8280(7) 0.0665(7) 0.0868(5) 0.013(2) 
O(4) 4f 1.0 0.5399(7) 0.0666(7) 0.7672(5) 0.020(2) 
O(5) 2e 1.0 0.513(1) 1/4 0.5146(7) 0.014(3) 
O(6) 2e 1.0 0.415(1) 1/4 0.0572(7) 0.016(3) 
O(7) 2e 1.0 0.137(1) 1/4 0.2691(8) 0.013(3) 
 
Table 7.11 Anisotropic thermal parameters (U × 103) for Ag2Fe2O(PO4)2. 
  U11 U22 U33 U23 U13 U12 
Ag(1) 25(1) 23(1) 24(1) 0 11(1) 0 
Ag(2) 93(1) 26(1) 49(1) 21(1) -51(1) -32(1) 
Fe(1) 9(1) 21(1) 7(1) 0 2(1) 0 
Fe(2) 12(1) 9(1) 12(1) -2(1) 2(1) -1(1) 
P(1) 13(1) 9(1) 6(1) 0 1(1) 0 
P(2) 10(1) 13(1) 7(1) 0 1(1) 0 
O(1) 9(3) 15(3) 19(3) 0 7(2) 0 
O(2) 9(3) 10(3) 8(3) 0 0(2) 0 
O(3) 13(2) 15(2) 16(2) -4(2) 3(2) -2(2) 
O(4) 20(2) 16(2) 6(2) 0(2) 2(2) 3(2) 
O(5) 14(3) 15(3) 10(3) 0 7(2) 0 
O(6) 16(3) 12(3) 8(3) 0 5(2) 0 
O(7) 13(3) 29(4) 17(3) 0 2(3) 0 
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Table 7.12 Selected bond distances and angles for Ag2Fe2O(PO4)2. 
Ag(1)-O(3)#1 2.445(5) Fe(2)-O(6) 1.886(3) 
Ag(1)-O(3)#2 2.445(5) Fe(2)-O(3) 2.058(4) 
Ag(1)-O(1) 2.539(6) Fe(2)-O(3)#5 2.058(4) 
Ag(2)-O(1)#3 2.277(4) Fe(2)-O(4)#6 2.158(4) 
Ag(2)-O(1) 2.277(4) Fe(2)-O(4)#2 2.158(4) 
Ag(2)-O(2)#2 2.497(4) P(1)-O(1) 1.516(6) 
Ag(2)-O(2)#4 2.497(4) P(1)-O(5) 1.527(6) 
Fe(1)-O(7)#4 1.908(6) P(1)-O(4)#7 1.556(5) 
Fe(1)-O(5) 1.940(6) P(1)-O(4) 1.556(5) 
Fe(1)-O(6) 1.961(6) P(2)-O(7) 1.521(7) 
Fe(1)-O(2) 1.972(6) P(2)-O(3) 1.535(4) 
Fe(1)-O(4)#2 2.210(5) P(2)-O(3)#7 1.535(4) 
Fe(1)-O(4)#1 2.210(5) P(2)-O(2) 1.549(6) 
Fe(2)-O(6)#5 1.886(3)     
O(3)#1-Ag(1)-O(3)#2 123.5(2) O(6)-Fe(2)-O(3) 91.4(2) 
O(3)#1-Ag(1)-O(1) 80.40(12) O(6)#5-Fe(2)-O(3)#5 91.4(2) 
O(3)#2-Ag(1)-O(1) 80.40(12) O(6)-Fe(2)-O(3)#5 88.6(2) 
O(1)#3-Ag(2)-O(1) 180.0(3) O(3)-Fe(2)-O(3)#5 180.0(3) 
O(1)#3-Ag(2)-O(2)#2 88.72(15) O(6)#5-Fe(2)-O(4)#6 80.5(2) 
O(1)-Ag(2)-O(2)#2 91.28(15) O(6)-Fe(2)-O(4)#6 99.5(2) 
O(1)#3-Ag(2)-O(2)#4 91.28(15) O(3)-Fe(2)-O(4)#6 88.19(17) 
O(1)-Ag(2)-O(2)#4 88.72(15) O(3)#5-Fe(2)-O(4)#6 91.81(17) 
O(2)#2-Ag(2)-O(2)#4 180 O(6)#5-Fe(2)-O(4)#2 99.5(2) 
O(7)#4-Fe(1)-O(5) 92.2(3) O(6)-Fe(2)-O(4)#2 80.5(2) 
O(7)#4-Fe(1)-O(6) 94.0(3) O(3)-Fe(2)-O(4)#2 91.81(17) 
O(5)-Fe(1)-O(6) 173.8(3) O(3)#5-Fe(2)-O(4)#2 88.19(17) 
O(7)#4-Fe(1)-O(2) 174.8(3) O(4)#6-Fe(2)-O(4)#2 180.0(3) 
O(5)-Fe(1)-O(2) 82.6(3) O(1)-P(1)-O(5) 112.6(4) 
O(6)-Fe(1)-O(2) 91.2(3) O(1)-P(1)-O(4)#7 109.8(2) 
O(7)#4-Fe(1)-O(4)#2 94.15(13) O(5)-P(1)-O(4)#7 108.9(2) 
O(5)-Fe(1)-O(4)#2 101.97(11) O(1)-P(1)-O(4) 109.8(2) 
O(6)-Fe(1)-O(4)#2 77.59(11) O(5)-P(1)-O(4) 108.9(2) 
O(2)-Fe(1)-O(4)#2 86.96(12) O(4)#7-P(1)-O(4) 106.7(3) 
O(7)#4-Fe(1)-O(4)#1 94.15(13) O(7)-P(2)-O(3) 111.1(2) 
O(5)-Fe(1)-O(4)#1 101.97(11) O(7)-P(2)-O(3)#7 111.1(2) 
O(6)-Fe(1)-O(4)#1 77.59(11) O(3)-P(2)-O(3)#7 108.9(4) 
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O(2)-Fe(1)-O(4)#1 86.96(12) O(7)-P(2)-O(2) 106.1(3) 
O(4)#2-Fe(1)-O(4)#1 154.3(2) O(3)-P(2)-O(2) 109.8(2) 
O(6)#5-Fe(2)-O(6) 180.0(4) O(3)#7-P(2)-O(2) 109.8(2) 
O(6)#5-Fe(2)-O(3) 88.6(2)     
Symmetry transformations used to generate equivalent atoms: 
#1 
-x+3,y+1/2,-
z+1 #2 -x+3,-y,-z+1 
#3 -x+2,-y,-z+1 #4 x-1,y,z 
#5 -x+3,-y,-z #6 x,y,z-1 
#7 x,-y+1/2,z #8 -x+2,y+1/2,-z+1 
#9 x+1,y,z #10 x,y,z+1 
#11 -x+3,y+1/2,-z     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 350 
Powder X-Ray Diffraction 
In order to further confirm the structure solution, a stiochiometric yield was 
synthesized of Ag2Fe2O(PO4)2.  For phase identification the X-ray powder diffraction 
data was collected on a Scintag XDS 2000 diffractometer with Cu Kα radiation in the 2θ 
range 2-65° at a step size of 0.03° at room temperature.  For cell parameter refinement, 
the powder X-ray diffraction (PXRD) pattern was refined using the General Structure 
Analysis System (GSAS) program.6 
 
Results and Discussion 
Synthesis and Structure 
Ag2Fe2O(PO4)2 was isolated by traditional high-temperature, solid-state methods.  The 
as-prepared crystals are black columns that could be made in a 60% yield.  The X-ray 
single-crystal structure reveals a 3D framework consisting of channels in three directions 
where the Ag cations reside (Figs. 7.11 – 7.13).  The structure is formed by chains of 
edge-shared FeO6 octahedra which are connected by PO4 tetrahedra (Fig. 7.14).  The 
average bond distance of Fe-O (2.03 Å) is longer then the Shannon crystal radii9 (2.00 Å) 
as expected due to the edge-sharing of the Fe.  The silver’s environment is also 
interesting.  There are two different crystallographic Ag sites, where Ag(1) has 8 oxygen 
coordinated to it and Ag(2) has 6 oxygen coordinated to it.  Ag(2) is face-shared to an 
identical Ag(2) atom which extends along the [010] direction.  The Ag(1) are corner-
shared to the Ag(2) to form a µ3-oxygen between two Ag(2) and one Ag(1) (Fig 7.15). 
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This structure has several features that are required as a potential candidate for high-
rate primary batteries.  It is first noticed that there were interesting channels down all 
three axes of the framework.  This will allow for ease of Li cations to be inserted into the 
structure from every direction.  Another advantage of this material is that it has edge-
sharing FeO6 octahedra.  As shown before10, the edge-sharing of the Fe should lower the 
Madelung energy, which lowers the energy of the Fe3+/Fe2+ redox couple and thus 
generates a higher open-circuit voltage (OCV).  Another feature that this compound 
contains is the higher electronegative polyanion, phosphorus.  As discussed in the 
introduction, the PO4 has a high induction effect on the Fe, therefore will allow for a high 
reduction potential, 3.5 V.3  The other advantage is the coordination of the Ag cations.  In 
this structure there are two different high coordination Ag cations that should help 
promote a high reduction potential. 
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Figure 7.11.  Polyhedra representation of the FeO6 and PO4 showing the channel along 
the a-axis where the Ag cations reside 
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Figure 7.12.  Polyhedra representation of the FeO6 and PO4 showing the channel along 
the b-axis where the Ag cations reside 
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Figure 7.13.  Polyhedra representation of the FeO6 and PO4 showing the channel along 
the c-axis where the Ag cations reside. 
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Figure 7.14.  Chains of edge-shared FeO6 octahedra interlinked by PO4 tetrahedra 
down the [010] direction. 
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Figure 7.15.  Environment of the Ag cations in Ag2Fe2O(PO4)2 showing the edge-
sharing of 6 coordinate Ag(2) and the µ3-oxygen formed by the corner-shared 8 
coordinate Ag(1). 
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Therefore, to test Ag2Fe2O(PO4)2 as a cathode material in primary batteries, a large 
quantity needed to be synthesized.  The stiochiometric reaction was then planned to make 
a 1 g polycrystalline sample.  Ag2O (0.02 mmol), Fe2O3 (0.02 mmol), and P4O10 (0.01 
mmol) were used in a fused silica ampoule under vacuum.  The sample was heated to 
800ºC at 2ºC per minute and isothermed for 2 days and finally furnace cooled to room 
temperature.  From the PXRD pattern, the Ag2Fe2O(PO4)2 phase was the major phase, 
however there were impurities peaks that matched with the starting materials, Ag2O and 
Fe2O3.  One possible reason for the unreacted starting materials could be that the reaction 
did not reach completion, therefore a second heating was attempted.  The second heating 
however, did not get rid of the impurity peaks, which could be due to the starting 
materials being in a thermodynamic sink and are not able to react any further.   
The next reaction that was undertaken was still the stiochiometric amounts of the 
reactants, except the heating program was changed.  The heating program consisted on 
heating to 300ºC at 1ºC per minute, isotherming for 8 hours, then furnace cooling.  The 
material was then reground to decrease the particle size to allow for a more complete 
reaction.  The material was then heated to 800ºC at 2ºC per minute, isothermed for 2 
days, then furnace cooled to room temperature.  As seen from the PXRD pattern (Fig. 
7.16), this heating process allows for the synthesis of only the desired Ag2Fe2O(PO4)2 
phase.   
In summary, the Ag2Fe2O(PO4)2 phase shows several interesting properties to be a 
primary battery material.  It contains 3 directional tunnels to allow for ease of Li-
insertion.  It contains edge-shared FeO6 octahedra which could raise the OCV of the 
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Fe3+/Fe2+ reduction potential.  The edge-sharing of the iron oxide framework could also 
increase the stability of the structure, therefore not allowing for the degradation of the 
framework when the Ag is reduced.  It also contains the more electronegative phosphorus 
and high coordination Ag sites, where both should extend the capacity over the 3 V goal.  
It has also been shown to get a 100% yield, an intermediate step of regrinding at 300ºC is 
necessary.  The electrochemical tests have not been performed yet, but are planned for a 
systematic future study to see if a new primary battery material can be found. 
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Figure 7.16.  PXRD pattern of the stiochiometric yield of Ag2Fe2O(PO4)2 (top) vs. the 
calculated SXRD pattern (bottom). 
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Synthesis and Characterization of Two Isoelectronic Ag3Fe2(PO4)3 
Synthesis 
More silver iron (III) phosphates were explored and a NaSICON type11 Ag3Fe2(PO4)3 
was isolated.  These compounds were synthesized by using the Ag2O (0.03 mmol), Fe2O3 
(0.02 mmol), and P4O10 (0.015 mmol) in a 0.5 g reaction which were ground in a 
nitrogen-blanketed drybox.  The mixture was heated to 300ºC at 1ºC per minute and 
isothermed for 8 hours.  It was then heated to 800ºC at 1ºC per minute, isothermed for 3 
days, followed by slow cooling to 500ºC at 0.1ºC per minute to promote crystal growth, 
finally being furnace cooled to room temperature.  Ca. 30% yield of the triclinic 
Ag3Fe2(PO4)3 phase was obtained, with another 30% being the rhombohedral 
Ag3Fe2(PO4)3 phase.  The two isotypic compounds crystallize in distinct colors (see 
below) and the yields were estimated by visual perception.  The other 40% was 
unidentified polycrystalline material. 
 
Characterization 
Green column crystals of the triclinic phase and yellow plate-like crystals of the 
rhombohedral phase were selected for single-crystal X-ray diffraction studies.  The data 
collections were carried out in a similar manner as described above.  The crystallographic 
data, atomic coordinates, anisotropic thermal parameters, and selected bond distances and 
angles for the triclinic and rhombohedral Ag3Fe2(PO4)3 are summarized in Tables 7.13-
7.16 and 7.17-7.20, respectively. 
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Table 7.13 Crystallographic Data for triclinic Ag3Fe2(PO4)3 
Chemical formula Ag3Fe2(PO4)3 
Crystal color, shape Green, Column 
Crystal size (mm) 0.24 × 0.23 × 0.30 
Formula weight (g/mol) 720.22 
Space group P-1(no. 2) 
a (Å) 6.308(1) 
b (Å) 8.943(2) 
c (Å) 9.597(2) 
α(º) 72.74(3) 
β(º) 80.98(3) 
γ(º) 75.47(3) 
V (Å3) 498.5(2) 
Z 2 
ρ(calc) (g/cm3) 4.798 
Linear abs. coeff. (mm-1) 14.578 
F000 1075 
T (K) 293(2) 
Reflections collected 4217 
Reflections unique 1744 
Rint/Rsigmaa 0.0174/0.1487 
Final R1/wR2/GOF (all data) 0.1524/0.4788/4.903 
Largest difference peak (e-/Å3) 14.030 
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Largest difference hole (e-/Å3) -5.054 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
 
Table 7.14 Atomic Coordinates and Equivalent Displacement Parameters for triclinic 
Ag3Fe2(PO4)3. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Ag(1) 2i 1.0 0.1678(3) 0.8372(3) 0.7483(3) 0.008(2) 
Ag(2) 2i 1.0 0.0251(7) 0.8182(3) 0.4378(3) 0.128(4) 
Ag(3) 1c 1.0 0 1/2 0 0.195(7) 
Ag(4) 1e 1.0 1/2 1/2 0 0.22(1) 
Fe(1) 2i 1.0 0.3122(4) 0.1250(3) 0.9152(3) 0.002(2) 
Fe(2) 2i 1.0 0.6881(4) 0.5678(3) 0.6460(3) 0.003(2) 
P(1) 2i 1.0 0.7833(8) 0.5295(6) 0.3282(5) 0.001(2) 
P(2) 2i 1.0 0.6575(8) 0.8898(6) 0.7474(5) 0.005(3) 
P(3) 2i 1.0 0.2042(8) 0.7755(6) 0.1102(5) 0.002(3) 
O(1) 2i 1.0 0.262(2) 0.667(2) 0.258(2) 0.012(7) 
O(2) 2i 1.0 0.631(2) 0.412(2) 0.379(2) 0.000(6) 
O(3) 2i 1.0 0.765(2) 0.815(2) 0.897(2) 0.005(6) 
O(4) 2i 1.0 0.724(2) 0.649(2) 0.180(2) 0.005(6) 
O(5) 2i 1.0 0.009(2) 0.432(2) 0.306(2) 0.000(6) 
O(6) 2i 1.0 0.215(2) 0.680(2) 0.004(2) 0.004(6) 
O(7) 2i 1.0 0.833(3) 0.945(2) 0.626(2) 0.013(7) 
O(8) 2i 1.0 0.569(2) 0.755(2) 0.713(2) 0.001(6) 
O(9) 2i 1.0 0.370(2) 0.891(2) 0.055(2) 0.000(6) 
O(10) 2i 1.0 0.031(2) 0.119(2) 0.863(2) 0.001(6) 
O(11) 2i 1.0 0.776(2) 0.624(2) 0.441(2) 0.016(7) 
O(12) 2i 1.0 0.450(2) 0.023(2) 0.756(2) 0.002(6) 
 
Table 7.15 Anisotropic thermal parameters (U × 103) for triclinic Ag3Fe2(PO4)3. 
  U11 U22 U33 U23 U13 U12 
Ag(1) 8(2) 65(2) 32(2) -14(1) -5(1) -3(1) 
Ag(2) 128(4) 39(2) 36(2) -26(2) 44(2) -48(2) 
Ag(3) 194(7) 98(4) 65(3) -76(3) 97(4) -126(5) 
Ag(4) 223(10) 160(7) 45(3) -38(4) -28(4) 159(8) 
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Fe(1) 1(2) 6(2) 7(2) -3(1) -2(1) 1(1) 
Fe(2) 0(2) 4(2) 6(2) -4(1) 0(1) 0(1) 
P(1) 0(2) 9(3) 8(3) -11(2) 4(2) -5(2) 
P(2) 5(3) 4(2) 7(3) -5(2) 2(2) -4(2) 
P(3) 2(3) 3(3) 4(3) -6(2) 3(2) 1(2) 
O(1) 12(7) 0(6) 0(6) 6(5) 2(5) -1(5) 
O(2) 0(6) 18(8) 1(6) 15(6) -4(5) 9(6) 
O(3) 5(6) 13(7) 9(7) -10(6) 1(5) 2(6) 
O(4) 6(7) 0(6) 3(6) 6(5) 3(5) -5(5) 
O(5) 0(6) 22(8) 9(7) -18(6) 3(5) 1(6) 
O(6) 3(6) 0(6) 23(8) -5(6) 6(6) 0(5) 
O(7) 13(7) 0(6) 17(8) 3(6) -6(6) 10(6) 
O(8) 1(6) 25(9) 41(10) -34(8) 16(6) -11(6) 
O(9) 0(6) 12(8) 15(8) -2(6) 1(6) 0(6) 
O(10) 3(6) 5(7) 0(6) -5(5) 9(5) 9(5) 
O(11) 16(7) 6(7) 0(6) -1(5) -1(5) 4(6) 
O(12) 1(6) 5(7) 12(7) -6(5) -7(5) 16(5) 
 
Table 7.16 Selected bond distances and angles for triclinic Ag3Fe2(PO4)3. 
Ag(1)-O(7)#1 2.421(15) Fe(2)-O(12) 1.908(14) 
Ag(1)-O(8) 2.448(14) Fe(2)-O(8)#1 1.914(14) 
Ag(1)-O(6) 2.465(16) Fe(2)-O(1)#5 1.996(14) 
Ag(2)-O(7)#3 2.374(15) Fe(2)-O(2)#9 2.020(14) 
Ag(2)-O(7)#1 2.418(16) Fe(2)-O(5)#10 2.035(14) 
Ag(2)-O(1)#4 2.561(14) P(1)-O(5) 1.498(14) 
Ag(2)-O(12) 2.603(16) P(1)-O(2) 1.522(16) 
Ag(3)-O(6)#5 2.357(14) P(1)-O(4) 1.537(14) 
Ag(3)-O(6) 2.357(14) P(1)-O(12) 1.554(14) 
Ag(4)-O(6) 2.096(14) P(2)-O(13) 1.534(13) 
Ag(4)-O(6)#6 2.096(14) P(2)-O(7) 1.542(16) 
Fe(1)-O(4)#2 1.926(13) P(2)-O(3) 1.577(15) 
Fe(1)-O(11) 1.936(15) P(2)-O(8) 1.578(14) 
Fe(1)-O(13) 1.983(14) P(3)-O(1) 1.504(14) 
Fe(1)-O(3)#8 1.983(14) P(3)-O(6) 1.499(15) 
Fe(1)-O(10)#8 2.035(14) P(3)-O(10) 1.573(15) 
Fe(1)-O(10) 2.102(15) P(3)-O(11)#11 1.575(13) 
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O(7)#1-Ag(1)-O(8) 144.6(6) O(12)-Fe(2)-O(1)#5 115.0(6) 
O(7)#1-Ag(1)-O(6) 128.8(5) 
O(8)#1-Fe(2)-
O(1)#5 134.7(7) 
O(8)-Ag(1)-O(6) 84.8(6) O(12)-Fe(2)-O(2)#9 94.8(6) 
O(7)#3-Ag(2)-
O(7)#1 78.5(6) 
O(8)#1-Fe(2)-
O(2)#9 82.4(7) 
O(7)#3-Ag(2)-
O(1)#4 101.4(5) 
O(1)#5-Fe(2)-
O(2)#9 93.7(6) 
O(7)#1-Ag(2)-
O(1)#4 173.8(5) 
O(12)-Fe(2)-
O(5)#10 91.3(6) 
O(7)#3-Ag(2)-
O(12) 159.9(5) 
O(8)#1-Fe(2)-
O(5)#10 89.4(6) 
O(7)#1-Ag(2)-
O(12) 101.9(5) 
O(1)#5-Fe(2)-
O(5)#10 89.5(6) 
O(1)#4-Ag(2)-
O(12) 80.3(4) 
O(2)#9-Fe(2)-
O(5)#10 171.1(6) 
O(6)#5-Ag(3)-O(6) 180.000(1) O(5)-P(1)-O(2) 106.3(8) 
O(6)-Ag(4)-O(6)#6 180.000(1) O(5)-P(1)-O(4) 107.8(8) 
O(4)#2-Fe(1)-O(11) 92.5(6) O(2)-P(1)-O(4) 110.8(8) 
O(4)#2-Fe(1)-O(13) 103.7(6) O(5)-P(1)-O(12) 110.7(8) 
O(11)-Fe(1)-O(13) 87.3(5) O(2)-P(1)-O(12) 112.1(9) 
O(4)#2-Fe(1)-
O(3)#8 86.7(6) O(4)-P(1)-O(12) 108.9(8) 
O(11)-Fe(1)-O(3)#8 103.3(6) O(13)-P(2)-O(7) 113.5(8) 
O(13)-Fe(1)-O(3)#8 164.9(6) O(13)-P(2)-O(3) 112.4(8) 
O(4)#2-Fe(1)-
O(10)#8 91.0(6) O(7)-P(2)-O(3) 109.3(8) 
O(11)-Fe(1)-
O(10)#8 169.9(6) O(13)-P(2)-O(8) 103.8(8) 
O(13)-Fe(1)-
O(10)#8 82.6(6) O(7)-P(2)-O(8) 109.7(8) 
O(3)#8-Fe(1)-
O(10)#8 86.4(6) O(3)-P(2)-O(8) 108.0(9) 
O(4)#2-Fe(1)-O(10) 168.0(6) O(1)-P(3)-O(6) 110.7(8) 
O(11)-Fe(1)-O(10) 95.5(6) O(1)-P(3)-O(10) 108.2(8) 
O(13)-Fe(1)-O(10) 85.5(6) O(6)-P(3)-O(10) 111.1(8) 
O(3)#8-Fe(1)-O(10) 82.8(6) O(1)-P(3)-O(11)#11 105.3(8) 
O(10)#8-Fe(1)-
O(10) 82.7(6) O(6)-P(3)-O(11)#11 113.7(8) 
O(12)-Fe(2)-O(8)#1 110.4(8) 
O(10)-P(3)-
O(11)#11 107.6(8) 
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Symmetry transformations used to generate equivalent atoms: 
#1 x-1,y,z #2 -x,-y,-z+1 
#3 -x+1,-y,-z+1 #4 x,y,z-1 
#5 -x,-y-1,-z+2 #6 -x+1,-y-1,-z+2 
#7 x+1,y,z #8 -x+1,-y,-z+2 
#9 -x-1,-y-1,-z+1 #10 -x,-y-1,-z+1 
#11 -x,-y,-z+2 #12 x,y,z+1 
 
 
Table 7.17 Crystallographic Data for rhobohedral Ag3Fe2(PO4)3 
Chemical formula Ag3Fe2(PO4)3 
Crystal color, shape Yellow, plate 
Crystal size (mm) 0.19 × 0.09 × 0.23 
Formula weight (g/mol) 720.22 
Space group R-3c(no. 148) 
a (Å) 8.774(1) 
c (Å) 22.110(4) 
V (Å3) 1473.9(4) 
Z 2 
ρ(calc) (g/cm3) 3.849 
Linear abs. coeff. (mm-1) 7.674 
F000 1566 
T (K) 293(2) 
Reflections collected 3793 
Reflections unique 297 
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Rint/Rsigmaa 0.0322/0.1095 
Final R1/wR2/GOF (all data) 0.0391/0.1105/1.041 
Largest difference peak (e-/Å3) 1.153 
Largest difference hole (e-/Å3) -1.213 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
 
 
 
Table 7.18 Atomic Coordinates and Equivalent Displacement Parameters for rhobohedral 
Ag3Fe2(PO4)3. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Ag(1) 6b 1.0 1/3 2/3 1/6 0.165(2) 
Ag(2) 18e 0.67 0.0260(1) 1/3 0.0833(3) 0.015(1) 
Fe 12c 1.0 1/3 2/3 0.0171(1) 0.012(1) 
P 18e 1.0 2/3 0.0436(2) 0.0833(3) 0.010(1) 
O(1) 36f 1.0 0.3056(6) 0.8433(5) 0.9728(2) 0.021(2) 
O(2) 36f 1.0 0.5021(5) 0.8600(5) 0.0767(2) 0.012(2) 
 
 
Table 7.19 Anisotropic thermal parameters (U × 103) for rhobohedral Ag3Fe2(PO4)3. 
  U11 U22 U33 U23 U13 U12 
Ag(1) 165(2) 165(2) 9(1) 0 0 82(1) 
Ag(2) 15(1) 20(1) 163(2) 41(1) 21(1) 10(1) 
Fe 12(1) 12(1) 7(1) 0 0 6(1) 
P 10(1) 8(1) 14(1) -2(1) -3(1) 5(1) 
O(1) 21(2) 17(2) 17(2) 6(2) -2(2) 10(2) 
O(2) 12(2) 11(2) 15(2) -3(2) -2(2) 2(2) 
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Table 7.20 Selected bond distances and angles for rhobohedral Ag3Fe2(PO4)3. 
Ag(1)-O(2)#1 2.552(4) Fe-O(1)#19 1.948(4) 
Ag(1)-O(2) 2.552(4) Fe-O(2)#17 2.073(4) 
Ag(1)-O(2)#2 2.552(4) Fe-O(2)#12 2.073(4) 
Ag(1)-O(2)#3 2.552(4) Fe-O(2)#14 2.073(4) 
Ag(1)-O(2)#4 2.552(4) P-O(1)#20 1.530(4) 
Ag(1)-O(2)#5 2.552(4) P-O(1)#21 1.530(4) 
Ag(2)-O(2)#12 2.378(4) P-O(2) 1.542(4) 
Ag(2)-O(2)#13 2.378(4) P-O(2)#13 1.542(4) 
Ag(2)-O(2)#14 2.525(4) O(1)-P#21 1.530(4) 
Ag(2)-O(2)#15 2.525(4) O(2)-Fe#8 2.073(4) 
Fe-O(1) 1.948(4) O(2)-Ag(2)#7 2.378(4) 
Fe-O(1)#18 1.948(4) O(2)-Ag(2)#9 2.525(4) 
O(2)#1-Ag(1)-O(2) 65.73(13) O(1)-Fe-O(1)#18 96.97(17) 
O(2)#1-Ag(1)-O(2)#2 65.73(13) O(1)-Fe-O(1)#19 96.97(17) 
O(2)-Ag(1)-O(2)#2 65.73(13) O(1)#18-Fe-O(1)#19 96.97(17) 
O(2)#1-Ag(1)-O(2)#3 180 O(1)-Fe-O(2)#17 89.50(17) 
O(2)-Ag(1)-O(2)#3 114.27(13) O(1)#18-Fe-O(2)#17 170.64(17) 
O(2)#2-Ag(1)-O(2)#3 114.27(13) O(1)#19-Fe-O(2)#17 88.92(17) 
O(2)#1-Ag(1)-O(2)#4 114.27(13) O(1)-Fe-O(2)#12 88.92(17) 
O(2)-Ag(1)-O(2)#4 180 O(1)#18-Fe-O(2)#12 89.50(17) 
O(2)#2-Ag(1)-O(2)#4 114.27(13) O(1)#19-Fe-O(2)#12 170.64(17) 
O(2)#3-Ag(1)-O(2)#4 65.73(13) O(2)#17-Fe-O(2)#12 83.84(16) 
O(2)#1-Ag(1)-O(2)#5 114.27(13) O(1)-Fe-O(2)#14 170.64(17) 
O(2)-Ag(1)-O(2)#5 114.27(13) O(1)#18-Fe-O(2)#14 88.92(17) 
O(2)#2-Ag(1)-O(2)#5 180.00(11) O(1)#19-Fe-O(2)#14 89.50(17) 
O(2)#3-Ag(1)-O(2)#5 65.73(13) O(2)#17-Fe-O(2)#14 83.84(16) 
O(2)#4-Ag(1)-O(2)#5 65.73(13) O(2)#12-Fe-O(2)#14 83.84(16) 
O(2)#12-Ag(2)-
O(2)#13 162.85(19) O(1)#20-P-O(1)#21 110.7(3) 
O(2)#12-Ag(2)-
O(2)#14 68.72(18) O(1)#20-P-O(2) 107.1(2) 
O(2)#13-Ag(2)-
O(2)#14 128.42(5) O(1)#21-P-O(2) 111.3(2) 
O(2)#12-Ag(2)-
O(2)#15 128.42(5) O(1)#20-P-O(2)#13 111.3(2) 
O(2)#13-Ag(2)-
O(2)#15 68.72(18) O(1)#21-P-O(2)#13 107.1(2) 
 368 
O(2)#14-Ag(2)-
O(2)#15 59.80(17) O(2)-P-O(2)#13 109.5(3) 
Symmetry transformations used to generate equivalent atoms: 
#1 -y-1,x-y,z #2 -x+y-1,-x-1,z 
#3 
y-1/3,-x+y-2/3,-
z+1/3 #4 
-x-4/3,-y-2/3,-
z+1/3 
#5 
x-y-1/3,x+1/3,-
z+1/3 #6 
x-y-1/3,x-
2/3,-z+1/3 
#7 -x+y-1,-x,z #8 x-1,y-1,z 
#9 x-y,-y,z #10 
-x-1/3,-
y+1/3,-z+1/3 
#11 
y-4/3,-x+y-2/3,-
z+1/3 #12 -y,x-y+1,z 
#13 
-x-2/3,-x+y-1/3,-
z+1/6 #14 -x+y,-x,z 
#15 
y+1/3,x+2/3,-
z+1/6 #16 
y-2/3,x-1/3,-
z+1/6 
#17 x+1,y+1,z #18 -y+1,x-y+1,z 
#19 -x+y,-x+1,z #20 
x-2/3,x-
y+2/3,z+1/6 
#21 -x,-y+1,-z     
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Results and Discussion 
Synthesis and Structure 
The triclinic Ag3Fe2(PO4)3 was isolated by traditional high-temperature, solid-state 
methods.  The as-prepared crystals are green columns that could be made in a 30% yield 
reaction.  The X-ray single-crystal structure reveals a 3D channel framework where the 
Ag cations reside in the channels (Fig. 7.17).  There are two channels down the a-axis, an 
8-membered and a 10-membered ring.  Both of these channels are formed by FeOn (n = 6 
and 5) polyhedra which are corner-shared to PO4 tetrahedra.  There are two different 
environments of the Fe.  Fe(2)On is in the trigonal bypyramid geometry and is isolated 
from the other FeOn sites in the structure.  Fe(1)On is in the octahedral geometry and 
forms a dimer with another Fe(1)On site.  The dimer is formed by edge-shared octahedra, 
where these dimers serve as a linkage between to 8-membered rings (Fig. 7.18).  The 
average bond distance of Fe(2)-O (1.97 Å) is shorter then the average bond distance of 
the Fe(1)-O (1.99 Å), which is in good agreement with both the edge-sharing of the Fe(1) 
and the Shannon crystal radii (6 coordinate Fe = 2.00 Å, 5 coordinate Fe = 1.93 Å).  The 
environment of the Ag contains 4 different crystallographic sites (Fig. 7.19).  Ag(1) and 
Ag(2) are both 6 coordinate, Ag(3) is 8 coordinate, where all three of these Ag sites 
should offer a high reduction potential.  Ag(4), however is only 2 coordinate, therefore it 
would be interest to see what reduction potential it gives. 
The rhombohedral Ag3Fe2(PO4)3 is isostructural with the well known NaSICON 
structure.9  The structure consists of interconnected channels down two directions, a and 
b-axes, which have very similar appearances to each other (Fig. 7.20).  The channels 
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consist of 4-membered rings that are formed by FeO6 octahedra which are corner-shared 
to PO4 tetrahedra.  A characteristic ladder unit of NaSICON, is shown in Fig. 7.21, where 
2 FeO6 octahedra are connected by 3 PO4 tetrahedra units.  Inside of the channels is 
where the Ag cations reside.  The there are 2 crystallographically independent silver sites.  
Ag(1) is coordinated to 6 oxygen, while Ag(2) is coordinated to 8 oxygen (Fig. 7.22).  
These Ag-centered AgOn (n = 6, 8) polyhedra are edge and corner-shared to each other to 
form an extended array of interconnected Ag cations. 
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Figure 7.17.  Ball and Stick representation of the triclinic Ag3Fe2(PO4)3 showing the 
channel framework along the a-axis. 
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Figure 7.18.  The two channels, 8-membered and 10-membered, of the triclinic 
Ag3Fe2(PO4)3 along the a-axis showing the edge-shared Fe(1)-O that interlink the 8-
membered rings. 
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Figure 7.19.  The 4 different crystallographic Ag sites in triclinic Ag3Fe2(PO4)3. 
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Figure 7.20.  Polyhedral representation of the rhombohedral Ag3Fe2(PO4)3 showing 
the channel framework along the a-axis. 
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Figure 7.21.  Characteristic ladder like unit seen in NaSICON structures showing 2 
FeO6 octahedra connected by 3 PO4 tetrahedra. 
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Figure 7.22.  Ag environment of the rhombohedral Ag3Fe2(PO4)3 showing the edge-
sharing between the Ag(1) and Ag(2). 
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These structures have several features pertinent to the applications as a cathode 
material for primary batteries.  Therefore a large quantity of the samples were desired to 
study there battery properties.  To synthesis a large quantity, a stiochiometric 
polycrystalline sample was preferred.  There were several attempts to make a 
stiochiometric polycrystalline sample of either of the Ag3Fe2(PO4)3 phases with little 
success.  Some of the variations that were attempted were different heating programs, 
isotherm durations, regrind/reheat, and different maximum temperature to try and isolate 
the more thermodynamically stable compound.  However, from the PXRD pattern there 
is a mixture of both phases.  This is possibly due to there being two structures for one 
stiochiometric; thus the polycrystalline sample will contain a mixture of the two phases. 
 
Synthesis and Characterization of Ag3Fe(PO4)2 
Synthesis 
From the promising characteristics of the Ag3Fe(VO4)2 discussed in the previous 
chapter, a phosphate analogue was attempted.  Due to the previous success with 
synthesizing the compounds using the exact ratios, an attempt was made where Ag2O 
(0.02 mmol), Fe2O3 (0.01 mmol), and P4O10 (0.01 mmol) in a 0.5 g reaction were ground 
in a nitrogen-blanketed drybox.  The mixture was heated to 300ºC at 1ºC per minute and 
isothermed for 8 hours.  It was then heated to 800ºC at 1ºC per minute, isothermed for 3 
days, followed by slow cooling to 500ºC at 0.1ºC per minute to promote crystal growth, 
finally being furnace cooled to room temperature.  Ca. 80% yield of the Ag3Fe(PO4)2 
phase was obtained, with the other 20% being unidentified polycrystalline material. 
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Characterization 
Green plate crystals of the Ag3Fe(PO4)2 phase were selected for single-crystal X-ray 
diffraction studies.  The data collections were carried out in a similar manner as described 
above.  The crystallographic data, atomic coordinates, anisotropic thermal parameters, 
and selected bond distances and angles for Ag3Fe(PO4)2 are summarized in Tables 7.21-
7.24, respectively. 
Powder X-Ray Diffraction 
In order to further confirm the structure solution, a stiochiometric yield is synthesized 
of Ag3Fe(PO4)2.  For phase identification the X-ray powder diffraction data was collected 
on a Scintag XDS 2000 diffractometer with Cu Kα radiation in the 2θ range 2-65° at a 
step size of 0.03° at room temperature.  For cell parameter refinement the PXRD pattern 
was refined using the GSAS program.6 
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Table 7.21 Crystallographic Data for Ag3Fe(PO4)2 
Chemical formula Ag3Fe(PO4)2 
Crystal color, shape Green, plate 
Crystal size (mm) 0.13 × 0.14 × 0.09 
Formula weight (g/mol) 569.4 
Space group C2/m (no. 12) 
a (Å) 8.570(2) 
b (Å) 5.338(2) 
c (Å) 7.395(2) 
β (º) 94.93(2) 
V (Å3) 337.0(2) 
Z 2 
ρ(calc) (g/cm3) 5.611 
Linear abs. coeff. (mm-1) 11.186 
F000 522 
T (K) 293(2) 
Reflections collected 849 
Reflections unique 303 
Rint/Rsigmaa 0.0868/0.1975 
Final R1/wR2/GOF (all data) 0.1995/0.5912/5.180 
Largest difference peak (e-/Å3) 5.872 
Largest difference hole (e-/Å3) -5.358 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 7.22 Atomic Coordinates and Equivalent Displacement Parameters for 
Ag3Fe(PO4)2. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Ag(1) 4i 1.0 0.3364(5) 1/2 0.8393(6) 0.014(5) 
Ag(2) 2b 1.0 0 1/2 0 0.012(5) 
Fe 2d 1.0 0 1/2 1/2 0.02(1) 
P 4i 1.0 0.329 (2) 1/2 0.349(2) 0.02(1) 
O(1) 4i 1.0 0.220(5) 1/2 0.436(8) 0.02(2) 
O(2) 4i 1.0 0.26(1) 1/2 0.119(8) 0.09(8) 
O(3) 8j 1.0 0.444(6) 0.28(2) 0.32(2) 0.03(3) 
 
 
 
Table 7.23 Anisotropic thermal parameters (U × 103) for Ag3Fe(PO4)2. 
  U11 U22 U33 U23 U13 U12 
Ag(1) 16(5) 64(5) 7(4) 0 5(3) 0 
Ag(2) 9(5) 10(1) 8(1) 0 -11(5) 0 
Fe 10(8) 17(6) 13(2) 0 -2(9) 0 
P 0(10) 33(9) 0(8) 0 1(7) 0 
O(1) 40(40) 2(1) 7(5) 0 5(4) 0 
O(2) 70(30) 5(2) 6(4) 0 1(3) 0 
O(3) 60(30) 10(3) 7(3) 2(3) 4(2) -4(3) 
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Table 7.24 Selected bond distances and angles for Ag3Fe(PO4)2. 
Ag(1)-O(2) 2.50(6) Fe-O(1)#12 1.88(8) 
Ag(1)-O(3)#1 2.62(6) Fe-O(3)#9 2.07(5) 
Ag(1)-O(3)#2 2.62(6) Fe-O(3)#13 2.07(5) 
Ag(2)-O(2)#5 2.44(6) Fe-O(3)#7 2.07(5) 
Ag(2)-O(2) 2.44(6) Fe-O(3)#14 2.07(5) 
Ag(2)-O(3)#6 2.77(4) P-O(1) 1.27(9) 
Ag(2)-O(3)#7 2.77(4) P-O(2) 1.46(6) 
Ag(2)-O(3)#8 2.77(4) P-O(3) 1.58(4) 
Ag(2)-O(3)#9 2.77(4) P-O(3)#15 1.58(4) 
Fe-O(1) 1.88(8)     
O(2)-Ag(1)-
O(3)#1 129.9(14) O(1)#12-Fe-O(3)#9 90(2) 
O(2)-Ag(1)-
O(3)#2 129.9(14) O(1)-Fe-O(3)#13 90(2) 
O(3)#1-Ag(1)-
O(3)#2 56.7(18) O(1)#12-Fe-O(3)#13 90(2) 
O(2)#5-Ag(2)-
O(2) 180.000(1) O(3)#9-Fe-O(3)#13 180(2) 
O(2)#5-Ag(2)-
O(3)#6 81.6(16) O(1)-Fe-O(3)#7 90(2) 
O(2)-Ag(2)-
O(3)#6 98.4(16) O(1)#12-Fe-O(3)#7 90(2) 
O(2)#5-Ag(2)-
O(3)#7 98.4(16) O(3)#9-Fe-O(3)#7 87(3) 
O(2)-Ag(2)-
O(3)#7 81.6(16) O(3)#13-Fe-O(3)#7 93(3) 
O(3)#6-Ag(2)-
O(3)#7 180.0(18) O(1)-Fe-O(3)#14 90(2) 
O(2)#5-Ag(2)-
O(3)#8 81.6(16) O(1)#12-Fe-O(3)#14 90(2) 
O(2)-Ag(2)-
O(3)#8 98.4(16) O(3)#9-Fe-O(3)#14 93(3) 
O(3)#6-Ag(2)-
O(3)#8 62(2) O(3)#13-Fe-O(3)#14 87(3) 
O(3)#7-Ag(2)-
O(3)#8 118(2) O(3)#7-Fe-O(3)#14 180.000(6) 
O(2)#5-Ag(2)-
O(3)#9 98.4(16) O(1)-P-O(2) 99(5) 
O(2)-Ag(2)- 81.6(16) O(1)-P-O(3) 128(2) 
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O(3)#9 
O(3)#6-Ag(2)-
O(3)#9 118(2) O(2)-P-O(3) 90(3) 
O(3)#7-Ag(2)-
O(3)#9 62(2) O(1)-P-O(3)#15 128(2) 
O(3)#8-Ag(2)-
O(3)#9 180.0(18) O(2)-P-O(3)#15 90(3) 
O(1)-Fe-O(1)#12 180.000(3) O(3)-P-O(3)#15 104(4) 
O(1)-Fe-O(3)#9 90(2)     
Symmetry transformations used to generate equivalent atoms: 
#1 -x+1,y,-z #2 -x+1,-y,-z 
#3 x+1/2,y+1/2,z #4 x+1/2,y-1/2,z 
#5 -x,-y,-z #6 -x+1/2,y-1/2,-z 
#7 x-1/2,-y+1/2,z #8 -x+1/2,-y+1/2,-z 
#9 x-1/2,y-1/2,z #10 x-1/2,y+1/2,z 
#11 -x+1/2,-y-1/2,-z #12 -x,-y,-z+1 
#13 
-x+1/2,-y+1/2,-
z+1 #14 -x+1/2,y-1/2,-z+1 
#15 x,-y,z     
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Results and Discussion 
Synthesis and Structure 
The Ag3Fe(PO4)2 phase was isolated by traditional high-temperature, solid-state 
methods.  The as-prepared crystals are green plates.  The X-ray single-crystal structure 
reveals a layered framework where the Ag cations reside in between the iron phosphate 
slabs (Fig. 7.23).  The slabs are made of FeO6 octahedra which are corner-shared to PO4 
tetrahedra (Fig. 7.24).  All of the octahedral Fe sites are isolated from each other and 
have an average bond distance of 2.00 Å.  The two Ag cation sites reside in between the 
iron phosphate slabs.  Ag(1) is 5 coordinate and is corner-shared to Ag(2) which is 6 
coordinate (Fig. 7.25).  The Ag cations are further corner-shared to generate an extended 
array of Ag throughout the structure. 
The comparison of Ag3Fe(PO4)2 and Ag3Fe(VO4)2 shows that the vanadate analogue 
has a supercell with a doubled c-axis.  This doubling of the c-axis is caused by the 
location of the Ag cations in between the layers.  In Ag3Fe(VO4)2, the Ag cations are in a 
staggered configuration between the neighboring layer (Fig. 7.26).  This staggering is 
caused by the alternating tilt of the FeO6 octahedra, where the Ag cations are bonded to 
the equatorial oxygen of the Fe.  Therefore, the position of the Ag is dependent on the 
orientation of the 4-fold axis of the FeO6 octahedra.  In Ag3Fe(PO4)2, the Ag cations are 
not staggered therefore giving the smaller unit cell.  The FeO6 octahedra are lined up 
along the b-axis therefore do not cause a shifting of the Ag between neighboring layers. 
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Figure 7.23.  Ball and Stick representation of Ag3Fe(PO4)2 showing the layered 
framework. 
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Figure 7.24.  The iron phosphate slab of Ag3Fe(PO4)2 showing the isolated iron sites. 
 386 
 
 
 
 
 
 
 
Figure 7.25.  The Ag environment in Ag3Fe(PO4)2. 
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Figure 7.26.  Comparison of Ag3Fe(PO4)2 (top) vs. Ag3Fe(VO4)2 (bottom)showing the 
smaller c-axis due to the lined up Fe in Ag3Fe(PO4)2. 
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After the structure was studied and compared with that of the vanadate analogue, the 
next step was to run the battery testing.  The compound is hypothesized to have an 
extended capacity compared with that of the vanadate analogue.  This is due to the higher 
Ag coordination number of both Ag sites and the stronger inductive effect of the 
phosphorus on the oxygen.  Therefore, a large quantity of material was needed and a 
stiochiometric reaction was performed.  It was found that the best method to get a 100% 
yield of the silver iron (III) phosphates was to heat to 300ºC, regrind, and then heat to 
800ºC.  Therefore, a reaction was done using Ag2O (0.02 mmol), Fe2O3 (0.01 mmol), and 
P4O10 (0.01 mmol) in a fused silica ampoule under vacuum.  As seen from the PXRD 
pattern (Fig. 7.27), the 100% yield of 1 g of sample was successful and this material is 
ready to be tested for battery applications.   
 
Synthesis and Characterization of AgFeP2O7 
Synthesis 
In chapter 6, there were 2 new silver iron (III) vanadates that were synthesized.  
Therefore, to compare the inductive effect of the vanadate vs. phosphate, analogues of 
each were desired.  Above, Ag3Fe(PO4)2 was discussed which was one of the analogues.  
The other vanadate that was discussed in chapter 6 was a pyrovanadate, AgFeV2O7, thus 
the phosphate version was attempted.  Ag2O (0.01 mmol), Fe2O3 (0.01 mmol), and P4O10 
(0.01 mmol) were used in a 0.5 g reaction and ground in a nitrogen-blanketed drybox.  
The mixture was heated to 300ºC at 1ºC per minute and isothermed for 8 hours.  It was 
then heated to 800ºC at 1ºC per minute, isothermed for 3 days, followed by slow cooling 
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to 500ºC at 0.1ºC per minute to promote crystal growth, finally being furnace cooled to 
room temperature.  Ca. 90% yield of the AgFeP2O7 phase was obtained, with the other 
10% being unidentified polycrystalline material. 
 
Characterization 
Opaque crystals of the AgFeP2O7 phase were selected for single-crystal X-ray 
diffraction studies.  The data collections were carried out in a similar manner as described 
above.  The crystallographic data, atomic coordinates, anisotropic thermal parameters, 
and selected bond distances and angles for AgFeP2O7 are summarized in Tables 7.25-
7.28, respectively. 
Powder X-Ray Diffraction 
In order to further confirm the structure solution, a stiochiometric yield is synthesized 
of AgFeP2O7.  For phase identification the X-ray powder diffraction data was collected 
on a Scintag XDS 2000 diffractometer with Cu Kα radiation in the 2θ range 2-65° at a 
step size of 0.03° at room temperature.  For cell parameter refinement the PXRD pattern 
was refined using the GSAS program.6 
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Figure 7.27.  PXRD pattern of Ag3Fe(PO4)2 (top) vs. SXRD calculated pattern 
(bottom). 
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Table 7.25 Crystallographic Data for AgFeP2O7. 
Chemical formula AgFeP2O7 
Crystal color, shape Opaque, chunk 
Crystal size (mm) 0.15 × 0.23 × 0.17 
Formula weight (g/mol) 337.66 
Space group P21/c (no. 12) 
a (Å) 7.337(2) 
b (Å) 8.000(2) 
c (Å) 9.577(2) 
β (º) 111.83(3) 
V (Å3) 521.8(2) 
Z 4 
ρ(calc) (g/cm3) 4.298 
Linear abs. coeff. (mm-1) 3.564 
F000 318 
T (K) 293(2) 
Reflections collected 4139 
Reflections unique 916 
Rint/Rsigmaa 0.0165/0.0205 
Final R1/wR2/GOF (all data) 0.0212/0.0559/1.049 
Largest difference peak (e-/Å3) 0.796 
Largest difference hole (e-/Å3) -0.711 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table 7.26 Atomic Coordinates and Equivalent Displacement Parameters for AgFeP2O7. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Ag 4e 1.0 0.20538(4) 0.02613(4) 0.68893(3) 0.0160(2) 
Fe 4e 1.0 0.23936(6) 0.00827(5) 0.24883(5) 0.0053(3) 
P(1) 4e 1.0 0.4249(1) 0.24662(9) 0.54401(8) 0.0051(4) 
P(2) 4e 1.0 0.1746(1) 0.7916(1) 0.95336(8) 0.0056(4) 
O(1) 4e 1.0 0.4918(3) 0.0895(3) 0.6400(2) 0.007(1) 
O(2) 4e 1.0 0.3823(3) 0.8462(3) 0.9472(3) 0.007(1) 
O(3) 4e 1.0 0.1860(3) 0.8035(3) 0.1139(2) 0.016(1) 
O(4) 4e 1.0 0.3169(3) 0.3662(3) 0.6065(2) 0.014(1) 
O(5) 4e 1.0 0.3080(3) 0.2087(3) 0.3803(2) 0.016(1) 
O(6) 4e 1.0 0.1402(3) 0.6114(3) 0.897(2) 0.009(1) 
O(7) 4e 1.0 0.0359(3) 0.9148(3) 0.8467(2) 0.010(1) 
 
 
 
Table 7.27 Anisotropic thermal parameters (U × 103) for AgFeP2O7. 
  U11 U22 U33 U23 U13 U12 
Ag(1) 16(1) 22(1) 27(1) 8(1) 14(1) 2(1) 
Fe(1) 5(1) 6(1) 6(1) 1(1) 2(1) 0(1) 
P(1) 5(1) 6(1) 8(1) -1(1) 3(1) 0(1) 
P(2) 6(1) 7(1) 7(1) 0(1) 3(1) 1(1) 
O(1) 7(1) 9(1) 11(1) 2(1) 3(1) 1(1) 
O(2) 7(1) 9(1) 19(1) -1(1) 5(1) 1(1) 
O(3) 16(1) 9(1) 8(1) -2(1) 5(1) -1(1) 
O(4) 14(1) 10(1) 12(1) 0(1) 7(1) 1(1) 
O(5) 16(1) 9(1) 8(1) -2(1) 1(1) 1(1) 
O(6) 9(1) 9(1) 11(1) -3(1) 6(1) -2(1) 
O(7) 10(1) 12(1) 11(1) 1(1) 3(1) 2(1) 
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Table 7.28 Selected bond distances and angles for AgFeP2O7. 
Ag-O(1) 2.372(2) P(1)-O(4) 1.502(2) 
Ag-O(7)#1 2.454(2) P(1)-O(5) 1.512(2) 
Ag-O(6)#2 2.454(2) P(1)-O(1) 1.527(2) 
Fe-O(4)#3 1.941(2) P(1)-O(2)#7 1.598(2) 
Fe-O(7)#4 1.980(2) P(2)-O(7) 1.509(2) 
Fe-O(5) 1.985(2) P(2)-O(3) 1.511(2) 
Fe-O(1)#5 2.018(2) P(2)-O(6) 1.527(2) 
Fe-O(3) 2.032(2) P(2)-O(2) 1.607(2) 
Fe-O(6)#6 2.056(2)     
O(1)-Ag-O(7)#1 152.67(7) O(5)-Fe-O(6)#6 90.56(9) 
O(1)-Ag-O(6)#2 139.05(7) O(1)#5-Fe-O(6)#6 88.99(9) 
O(7)#1-Ag-O(6)#2 67.08(7) O(3)-Fe-O(6)#6 91.71(9) 
O(4)#3-Fe-O(7)#4 91.70(9) O(4)-P(1)-O(5) 111.16(13) 
O(4)#3-Fe-O(5) 87.47(9) O(4)-P(1)-O(1) 112.58(13) 
O(7)#4-Fe-O(5) 90.95(9) O(5)-P(1)-O(1) 113.00(13) 
O(4)#3-Fe-O(1)#5 94.98(9) O(4)-P(1)-O(2)#7 104.44(12) 
O(7)#4-Fe-O(1)#5 173.20(9) O(5)-P(1)-O(2)#7 107.71(13) 
O(5)-Fe-O(1)#5 90.62(9) O(1)-P(1)-O(2)#7 107.38(12) 
O(4)#3-Fe-O(3) 90.44(9) O(7)-P(2)-O(3) 114.55(13) 
O(7)#4-Fe-O(3) 91.97(9) O(7)-P(2)-O(6) 113.37(12) 
O(5)-Fe-O(3) 176.46(9) O(3)-P(2)-O(6) 111.01(13) 
O(1)#5-Fe-O(3) 86.71(9) O(7)-P(2)-O(2) 101.96(12) 
O(4)#3-Fe-O(6)#6 175.58(9) O(3)-P(2)-O(2) 108.98(12) 
O(7)#4-Fe-O(6)#6 84.38(9) O(6)-P(2)-O(2) 106.14(12) 
Symmetry transformations used to generate equivalent atoms: 
#1 x,y,z+1 #2 -x,y+1/2,-z+1/2 
#3 x,-y+1/2,z-1/2 #4 -x,-y,-z 
#5 -x+1,-y,-z+1 #6 x,-y-1/2,z+1/2 
#7 
-x+1,y+1/2,-
z+1/2 #8 -x+1,y-1/2,-z+1/2 
#9 x,-y+1/2,z+1/2 #10 x,-y-1/2,z-1/2 
#11 -x,y-1/2,-z+1/2 #12 x,y,z-1 
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Results and Discussion 
Synthesis and Structure 
The AgFeP2O7 phase was isolated by traditional high-temperature, solid-state 
methods.  The as-prepared crystals are opaque in color.  The X-ray single-crystal 
structure reveals a channel framework where the Ag cations reside (Fig. 7.28).  This 
compound is not isostructural with the vanadate analogue; instead it is an analogue of a 
known compound, NaFeP2O7.12  The structure consists of FeO6 octahedra which are 
corner-shared to PO4 tetrahedra.  Each Fe site is connected by two P2O7 groups which 
make up the channels.  Within the channels is where the Ag cations reside.  There are 2 
crystallographically independent Ag sites, one being 5 coordinate and the other being 4 
coordinate (Fig. 7.29). 
From previous studies we can hypothesis that this compound will have two reduction 
potentials from the Ag, where the 5 coordinate Ag will be above 3 V and the 4 coordinate 
Ag will be below 3 V.  However, due to the isotypic formula to AgFeV2O7, this structure 
should be studied to compare the electrochemical properties. 
Furthermore, to test this material for its electrochemical properties a large quantity of 
material was needed and a stiochiometric reaction was performed.  As mentioned above, 
the best method to get a 100% yield of the silver iron (III) phosphates was to heat to 
300ºC, regrind, and then heat to 800ºC.  Therefore, a reaction was done using Ag2O (0.01 
mmol), Fe2O3 (0.01 mmol), and P4O10 (0.01 mmol) in a fused silica ampoule under 
vacuum.  As seen from the PXRD pattern (Fig. 7.30), the 100% yield was successful and 
this material is ready to be tested for battery applications. 
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Figure 7.28.  Ball and stick representation of AgFeP2O7 showing the channel 
framework down the ac-plane. 
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Figure 7.29.  Ag environment of AgFeP2O7 showing the different coordinations. 
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Figure 7.30.  PXRD pattern of AgFeP2O7 (top) vs. SXRD calculated pattern (bottom). 
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Conclusion 
In summary, several new silver iron (III) phosphates exhibiting open-framework 
structures were isolated.  The compounds synthesized take advantage of two high 
reduction metals.  They also contained phosphate, because as shown in chapter 6, the 
high electro-negativity is needed to boost the Fe3+/Fe2+ reduction potential to 3.5 V.  It 
was also noticed that almost all of the Ag environments in these structures were 5 
coordinate or greater; therefore providing for the ease of the Ag reduction and a high 
voltage.   
It was also discovered how to make a 100% yield of all the silver iron (III) phosphates, 
except for the Ag3Fe2(PO4)3 family. From these high yield synthesis, two compounds, 
Ag4Fe5O2(PO4)5 and Ag3Fe3(PO4)3, were tested for their battery applications.  Both 
compounds contained high Ag coordination which allowed for the initial high capacity.  
They also contained phosphate groups and edge and corner-shared iron, which was 
thought to increase the reduction potential of the Fe.  However, after the tests were 
performed, the higher voltage was not seen for the reduction of Fe3+ to Fe2+.  It is 
hypothesized that this lower potential is due to the destruction of the structure after the 
Ag cations are reduced, therefore separating the atoms from each other and not allowing 
the Fe to take advantage of the phosphate or other Fe atoms. 
It is still believed that these compounds have the potential to be the next primary 
battery material.  For future studies, the rest of the phases should be surveyed for 
electrochemical properties using the 100% yield, to find out if all of the compounds act 
similarly.  In situ PXRD studies will also be performed to find what the compound’s 
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structures are after the battery tests.  Also, the synthesis of the Ag3Fe2(PO4)3 family 
should be pursued, to find how these could be synthesized in a high yield. 
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CHAPTER EIGHT 
CONCLUSIONS AND FUTURE WORK 
 
Conclusion 
Exploratory synthesis plays an integral role in solid state science concerning new 
materials discovery of fundamental and technological importance.  Chemistry in mixed-
framework oxides of transition metal and polyanions has been the focus of our research 
owing to their many applications, including the next generation cathode materials for 
battery devices.  Various new open-framework solids with alkali metal cations residing in 
the channels or layers that are built up by transition metal phosphates, arsenates, and 
vanadates were discovered by employing high-temperature, solid-state techniques.  This 
dissertation research has employed solid-state, as well as subsequent soft chemistry, to 
generate lithium- and silver-containing materials for the targeted secondary and primary 
lithium battery applications, respectively.  The battery testing was performed off site by 
Dr. John (Jack) T. Vaughey at the Argonne National Laboratory. 
Molten halide salts were used in the exploratory synthesis as a high-temperature 
solvent for crystal growth of compounds containing refractory transition-metal oxides, 
and the inclusion of salt as well as the corresponding cation plays an important role in 
new framework formation discussed in this dissertation.  The employed alkali and 
alkaline-earth chloride salts have relatively low melting points; they not only provide the 
reaction media for the dissolution of binary oxides and subsequently the nucleation of 
new crystal formation, but also participate in the reactions as a template for the formation 
of several novel channeled structures.  While the mechanism of salt-inclusion is not yet 
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fully understood, the partial inclusion of the metal cation of the employed chloride salt 
has been seen and can be rationalized as the result of in situ generation of metal oxide 
(A2O).  The latter is presumably via the following metathesis reaction: 2n ACl + 2 MOn/2 
→ n A2O + 2 MCln, where A represents monovalent alkali metal cations and M can be 
either transition metal or alkaline-earth metal cations.  This type of reaction mostly 
occurs in the reaction where the employed salt possesses A+ cation larger in size than Mn+ 
cation.  For instance, the combination of CsCl and Fe2O3 has generated the “Cs2O” 
compound in situ necessary for the formation of large channeled structure described by 
the (Cs,K)9Fe7(PO4)10 series in Chapter 3.  In situ generation of meta-stable oxide of large 
electropositive cations, e.g., Cs2O, is thus strategically critical in isolating new 
frameworks templated by large-size cations, a central theme illustrated in this 
dissertation. 
One of the scopes of this dissertation study was to synthesize new solids that exhibit 
large open-framework structures.  A large collection of open-framework solids was 
indeed isolated using larger than Li+ alkali metal cations.  New Li-containing open-
framework solids were then formed by employing soft chemistry, substituting the A-site 
cations via Li+-exchange reaction in the LiNO3 solution at 200 oC under hydrothermal 
conditions.  These results once again confirm the assertion of using large alkali metal 
cations as a “templating” agent to form the enormous openings.  These sizable openings 
with weak A-O bonding are essential for ion transport and Li+-exchange.  It was 
demonstrated in Chapter 3, with the examples of two new solids Cs4.65K4.35Fe7(PO4)10 
and KNaFe3(PO4)3, how the larger the cation the better the exchange properties.  The 
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facile ion exchange is due to the longer A-O bonding that dictates the weakened strength 
of ionic bond (less covalent). 
Another trait of using large alkali metal cations is the generation of interstitial space 
that allows for additional Li+-insertion.  It was demonstrated in Chapter 4, with the 
examples of Cs0.85K2.15Fe3(AsO4)4 and KFe3(AsO4)3, that these types of structures could 
allow concomitant Li-exchange/insertion and reduction insertion, respectively.  The 
insertion of the additional lithium thus reduces the oxidation state of iron from 3+ to 2+ 
stoichiometrically.  The incentive for the formation of iron(II) with additional Li+ cations 
is two-fold: 1) the material is now in the discharged (reduced) state, therefore could be 
used directly as a cathode material in secondary lithium batteries and 2) the additional 
lithium presumably adds stability to the structure during cycling, similar to the 
observation in ternary vanadium oxides.  The second incentive is because after the 
charging process, residual lithium cation necessary to keep the Fe3+ oxidation state will 
still be in the structure avoiding a structural collapse. 
For device applications, the frameworks around the electropositive cations were 
selected to be made of light weight, environmentally friendly transition metals and 
polyanions.  Therefore, the first-row transition metals were used, mainly iron and 
manganese in this study.  The transition metal cations also dictate the weak A-O bonds by 
having a strong covalent interaction with the oxygen atoms shared with the A-site cations 
in the structure.  This gave rise to the observed facile diffusion of A-site cations 
throughout the open-framework structure. 
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We have observed the expected high reduction potential of Fe3+/Fe2+ vs. Li/Li+ 
attributed to the inductive effect of the employed polyanions, XO43- (X = P, As, V) and 
some of its X2O74- analogs.  As stated previously, the more tightly bonded the oxygen is 
to the metal framework, the easier the A-site cations can move through the structure.  
However, the disadvantage of tightly bonded oxygen to the transition metal is lowering 
the reduction potential with respect to Li/Li+.  To resolve this problem the polyanion uses 
a strong polarization of the oxygen atoms to lower the covalent character of the M-O 
bond.  The inductive effect is directly related to the electro-negativity of the X ion.  To 
increase the reduction potential of the metal, a higher electronegative X ion was thus 
preferred, e.g., P. 
As discussed in Chapters 3 and 4, all of the compounds synthesized in this dissertation 
study incorporated the ideas discussed above.  In Chapter 3, Cs4.65K4.35Fe7(PO4)10 and 
KNaFe3(PO4)3 showed facile ion-exchange.  They also demonstrated that the larger 
cation can facilitate a higher percentage of ion-exchange, thus proving the hypothesis that 
the larger cation does promote ion-exchange. 
In Cs4.65K4.35Fe7(PO4)10 a polycrystalline sample was studied for battery testing.  It 
was found that the polycrystalline sample allows for a complete ion-exchange because of 
the higher surface area.  This sample was subject to analysis by Dr. Vaughey at Argonne 
National Laboratories for its electrochemical properties.  It was thought that this material 
did not work well as a cathode material might be because there was limited space in the 
structure for additional lithium cations.  However, this was contradictory to our above 
observations of the larger cations forming large openings for additional lithium cations.  
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A further investigation has taken place to find that water molecules are in the structure.  
Therefore, the water molecules catalyze the structure to decompose during cycling into 
Li3PO4 and Fe(OH)3.  Annealing the sample at 650ºC can help remove the water 
molecules in the channel as evident by the subsequent IR spectrum that proved the 
absence of vibrational frequencies of water, which should led to a more stable structure 
during electrochemical cycling. 
For reduction insertion of lithium cations, two methods were employed, i.e., 
hydrothermal methods in 1M LiNO3 solution and direct chemical reaction employing n-
butyl lithium in hexane solvent.  Because that the n-butyl lithium had a strong reducing 
power, it allowed the insertion of 7 additional lithium cations into the Li-exchanged 
sample Li9Fe7(PO4)10.  The final composition was proven from ICPOES as 
Li16Fe7(PO4)10.  This newly discovered phase, a fully discharged Li16Fe7(PO4)10 solid, has 
been sent off for battery testing at Argonne Lab.  We expect this material to have a large 
capacity (due to the high number of lithium cations), maintain its framework (due to the 
lithium that will remain in the structure during the cycle between Fe3+/Fe2+ states), and 
have a high open-circuit voltage (due to the inductive effect of the PO4). 
In Chapter 4, it was demonstrated that the large cations could facilitate concomitant 
ion-exchange/insertion in the LiNO3 solution.  The layered Cs0.85K2.15Fe3(AsO4)4 phase 
showed the large cations, K+ and Cs+ in this case, were exchanged with Li+ and additional 
lithium cations were inserted under mild hydrothermal conditions.  However, a controlled 
Li+-exchange without reduction insertion cannot be achieved.  Nevertheless, this new Li+ 
compound, K0.84Li5.16Fe3(AsO4)4, was confirmed through neutron studies proving 
 406 
information on the additional lithium cations and their positions, thus suggesting a 
reduced Fe2+.  The channel compound KFe3(AsO4)3, however, only showed Li+-insertion 
on large open-framework channel structures.  The channel that is templated by the K+ 
cation presumably is too small to allow for Li+-exchange but big enough for Li+-insertion 
and the reduction of the iron.  The lack of evidence of ion exchange could be due to the 
strong K-O interaction holding the structure together. 
In addition to the exemplary solids discussed in the Chapters 3 and 4, several other 
new compounds have also been synthesized showing promising features for improved 
electrochemical properties.  As discussed in Chapter 5, these compounds exhibit 
interconnected transition metal oxide frameworks.  This connectivity has thought to 
lower the Madelung energy, which lowers the Fe3+/Fe2+ couple, and in turn could 
increase the OCV values against Li/Li+ couple.  There will always be a continued search 
for the next generation cathode materials; hopefully one of these compounds can lead to 
that discovery. 
We have also studied a new approach of creating new materials for primary lithium 
battery applications.  These materials contain the combination of silver and iron that 
could help extend the capacity (Ag+/Ag0 and Fe3+/Fe2+) in the presence of a polyanion-
based matrix, specifically vanadates (VO4) and phosphates (PO4).  The advantage of 
studying these compounds as battery materials is because that they contain two metals 
with a reduction potential possibly above 3 V, the reduction potential of the commercially 
available SVO (Ag2V4O11).  Therefore, these materials have great possibility to increase 
the amount of capacity above 3 V. 
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Chapter 6 and 7 discuss new silver iron (III) vanadates and phosphates which have 
been made by studying the phase compatibility of the ternary systems.  One of the 
vanadates, Ag3Fe(VO4)2, shows a voltage above the 3 V goal, however it does not have 
expected extension in capacity.  This could be because of the decomposition of the 
framework upon the reduction of Ag+ to Ag0.  By the same token, the AgFeV2O7 phase 
does not even reach the goal of 3 V OCV.  The high reduction potential was found to 
coincide with the silver cations having a high coordination number.  The reduction 
potential assigned tentatively for iron was found lower then the 3 V goal could be 
attributed to the low induction effect of the vanadium compared with phosphorus.  
Therefore, the phosphate compounds were investigated. 
The silver phosphate compounds show an initial voltage of 3.25V possibly due to the 
above speculated high coordination silver.  However, the reduction potential of iron is 
still below 3 V.  It was concluded that once the silver is reduced the framework is broken 
apart, thus, the phosphorus does not affect the iron reduction potential.  Several new 
silver iron (III) phosphates have been synthesis and we shall examine their 
electrochemical properties in hopes to survey the newly synthesized compounds for the 
discovery of new cathode materials with an extended capacity at 3 V and above for 
primary lithium battery applications. 
Last, but not least, it has been demonstrated that the iron and manganese phosphate, 
arsenate, and vanadate mixed-framework chemical systems possess rich chemistry for 
exploiting new materials for the next generation battery device applications.  Through the 
exploratory synthesis, these chemical systems have offered a large collection of 
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compounds that provide structural models for studying the parameters pertinent to battery 
performances.  The results of this dissertation research provide insights for a continued 
search for new cathode materials; the structure and property correlation studies have led 
to a better understanding of the features desired for facile ion-exchange and possibly 
enhanced electrochemical properties that benefit the future endeavor in the discovery of 
new electrode materials for both primary and secondary battery applications. 
 
Future Work 
From this dissertation study, several new directions have been developed for future 
studies.  This section will summarize these directions for others to consider as a starting 
point.  As described in the previous chapters, the Li+-exchange process is still not fully 
understood.  We have not found conditions that control the stiochiometric Li+-exchange.  
As discussed in chapter 4 with K0.84Li5.16Fe3(AsO4)4, a non-reduced product could not be 
obtained by various approaches, including lowering the concentration of the LiNO3 
solution.  Therefore, an in depth look as to how to control these exchanges and/or 
insertions of Li+ will better help for future structure and property correlation studies.  It 
would be interesting to see if its framework can sustain the electrochemical cycling and, 
for comparative studies with other fully lithiated compounds relying on n-BuLi reduction, 
their relative stability in electrochemical cells. 
Along the lines of Li+-insertion, it would be a good idea to study conditions that 
facilitate extended Li+ insertion such as in the case of Li16Fe7(PO4)10.  In the 
Li16Fe7(PO4)10 case, however, only Li+-exchange could occur with 1M LiNO3, repeated 
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soakings under the same hydrothermal conditions were found to destroy the structure.  
However, soaking the exchanged product in n-butyl lithium gave the reduced form, 
Li16Fe7(PO4)10.  It could be interesting to correlate the electrochemical behavior of the 
fully lithiated Li16Fe7(PO4)10 phase with the reducing power of each exchange method. 
The destruction of the framework is a significant challenge in both secondary and 
primary batteries, as shown in chapters 3, 6, and 7.  In chapters 6 and 7 it was 
hypothesized that after the Ag+ cations were reduced to Ag0, the framework was 
destroyed therefore the polyanions essentially lost their effect on the Fe3+/Fe2+ redox 
couple.  Chapter 7 has shown several new compounds in the silver iron (III) phosphate 
family have been synthesized with different mixed metal polyanion frameworks.  A 
future study could be a systematic investigation of structures to find out what type of 
connectivity is necessary to keep the framework intact during the discharging process.  
These could include the frameworks made of Fe-O-Fe connectivities or those shared by 
both the discharged and charged states of the secondary cation (such as Fe3+/Fe2+ and 
Mn4+/Mn3+). 
Several new compounds have been shown in both chapters 5 and 7 for a future study.  
These compounds show several different properties pertinent for battery materials.  One 
property that has been hypothesized to increase the voltage is the amount of sharing 
between transition metal oxides.  Goodenough has stated that the increased voltage of the 
olivine, LiFePO4, is due to the extensive edge-sharing of the FeO6 octahedra.  Therefore, 
it would be interesting to provide evidence of increased voltage of M-O-M connectivities 
of the compounds listed in this dissertation.  Another characteristic to observe would be 
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the M:X ratio.  It is thought that for the least amount of wasted weight created by the 
polyanion (XO4), the M:X ratio needs to be greater than or equal to 1.  These structures 
should be studied for both the ion-exchange/insertion properties as well as their 
electrochemical properties.  The findings of all of these future works shall give the next 
researcher a great understanding of what is needed in a battery material and hopefully can 
lead to new discoveries in battery applications.  
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APPENDIX I 
 
NEW MIXED FRAMEWORK COMPOUNDS DISCOVERED IN EXPLORATORY 
SYNTHESIS 
 
Introduction 
This dissertation study has mainly focused on finding new open-framework solids 
which would be pertinent to battery materials.  However, not all the compounds found are 
good candidates to be cathode materials.  This chapter describes compounds that were 
found that show interesting mixed framework structures, however were not focused on 
for a battery study. 
 
Description of K4Fe5(PO4)6 
While searching for new open-framework structures, some of the structures that were 
made did not form large openings from the A-site cations.  Instead, they formed 
condensed structures where the A-site cations were close-packed in the structure.  One 
compound of this nature that was found was K4Fe5(PO4)6.  This compound was 
synthesized will attempting to make CsK2Fe4(PO4)5.  KO2 (0.03 mmol), Fe2O3 (0.02 
mmol) and P4O10 (0.0125 mmol) were used in a 0.25g reaction with a eutectic flux (m.p. 
= 621ºC) of  CsCl/KCl (52:48 mol %) in a 3:1 charge to flux ratio by weight and ground 
in a nitrogen-blanketed drybox.  The mixture was heated to 800°C at 1°C per minute, 
isothermed for 3 days, followed by slow cooling to 500°C at 0.1°C per minute to promote 
crystal growth then furnace cooled to room temperature.  The as-prepared crystals are red 
cubes.  The crystallographic data and atomic coordinates are summarized in Tables I.1 
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and I.2.  It crystallizes in the cubic space group P213 (no. 198) with unit cell dimensions 
of a = 9.895(1) Å and V = 968.7(2) Å3. 
The X-ray single-crystal structure reveals a condensed framework (Fig. I.1).  The 
interesting feature about this compound is its iron oxide connectivity (Fig. I.2).  The 
structure consists of FeOn polyhedra which are corner- and edge-shared to PO4 
tetrahedra.  There are 3 crystallographic Fe sites in the structure, where two are octahedra 
and the third is distorted square pyramid.  The Fe(1)O6 octahedra is face-shared to the 
Fe(3)O5 in three directions with bond angles ranging from 77.3(2) – 85.6(2)º.  The 
Fe(2)O6 is edge-shared to Fe(3)O5 with a bond angle of 91.9(2)º.  These acute angles are 
known to give rise to ferro-magnetic coupling because the spins of the Fe can now couple 
through short distances and close to 90º Fe-O-Fe angles.  Therefore, it would be 
interesting to study this compound for its magnetic properties. 
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Table I.1 Crystallographic Data for K4Fe5(PO4)6 
Chemical formula K4Fe5(PO4)6 
Crystal color, shape Red, Cubes 
Crystal size (mm) 0.13 × 0.14 × 0.13 
Formula weight (g/mol) 1006.55 
Space group P213 (no. 198) 
a (Å) 9.895(1) 
V (Å3) 968.7(2) 
Z 2 
ρ(calc) (g/cm3) 3.451 
Linear abs. coeff. (mm-1) 5.143 
F000 680 
T (K) 293(2) 
Reflections collected 7765 
Reflections unique 579 
Rint/Rsigmaa 0.0486/0.0368 
Secondary extinction 0.010(3) 
Final R1/wR2/GOF (all data) 0.0372/0.1013/1.140 
Largest difference peak (e-/Å3) 0.743 
Largest difference hole (e-/Å3) -0.641 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table I.2 Atomic Coordinates and Equivalent Displacement Parameters for K4Fe5(PO4)6. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
K(1) 4a 1.0 0.2928(2) 0.2072(2) 0.7928(2) 0.0317(7) 
K(2) 4a 1.0 0.9319(2) 0.9319(2) 0.9319(2) 0.0383(7) 
Fe(1) 4a 1.0 0.08682(9) 0.58682(9) 0.91318(9) 0.0232(5) 
Fe(2) 4a 1.0 0.64552(9) 0.35448(9) 0.85448(9) 0.0257(5) 
Fe(3) 12b  0.17 0.1624(5) 0.0732(5) 0.7204(5) 0.019(2) 
P 12b 1.0 0.9606(1) 0.2697(1) 0.8744(1) 0.0140(8) 
O(1) 12b 1.0 0.9839(5) 0.1892(5) 0.7462(5) 0.038(2) 
O(2) 12b 1.0 0.9988(5) 0.4157(4) 0.8500(5) 0.040(2) 
O(3) 12b 1.0 0.8142(4) 0.2596(4) 0.9214(4) 0.013(2) 
O(4) 12b 1.0 0.0537(4) 0.2071(5) 0.9791(5) 0.022(2) 
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Figure I.1.  Ball and stick representation of the condensed structure of K4Fe5(PO4)6 
along the [001] direction. 
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Figure I.2.  Fe-O connectivity of K4Fe5(PO4)6 showing the face-shared Fe(1)O6 and 
the edge-shared Fe(2)O6 with Fe(3)O5. 
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Description of KFeCu(PO4)2 
Another idea that was attempted in making new open-framework oxides was to use 2 
different transition metals that adopt different geometries.  This would hinder close-
packing of the structure and promote a more open structure.  Also, to be able to 
distinguish between the two transition metals, Cu and Fe in this case, used through single 
crystal X-ray analysis, there size and weight needed to be varied.  Therefore, one idea 
was to use an electron- poor and rich transition metal, such as Fe and Cu, respectively.  
This gives two advantages when solving the structure.  The first is their size is quite 
different therefore will generate different thermal parameters.  The other is that they 
usually adopt different geometries; Fe prefers high coordinate (5, 6) and due to the almost 
filled d orbital of Cu, it prefers low coordinate (4, 5). 
In the study of the mixed transition metals, one compound that was isolated was 
KFeCu(PO4)2.  KO2 (0.02 mmol), FeO (0.02 mmol), CuO (0.03 mmol) and P4O10 (0.0125 
mmol) were used in a 0.25g reaction with a eutectic flux (m.p. = 621ºC) of  CsCl/KCl 
(52:48 mol %) in a 3:1 charge to flux ratio by weight and ground in a nitrogen-blanketed 
drybox.  The mixture was heated to 750°C at 1°C per minute, isothermed for 3 days, 
followed by slow cooling to 450°C at 0.1°C per minute to promote crystal growth then 
furnace cooled to room temperature.  The as-prepared crystals are blue columns.  The 
crystallographic data and atomic coordinates are summarized in Tables I.3 and I.4.  It 
crystallizes in the monoclinic space group P21/c (no. 14) with unit cell dimensions of a = 
7.973(2) Å, b = 9.929(2), c = 9.101(4), b = 116.23(2) and V = 646.3(3) Å3. 
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The X-ray single-crystal structure reveals a channel framework where the K cations 
reside (Fig. I.3).  The structure consists of FeO6 octahedra which are corner-shared to 
both the CuO5 square pyramids and the PO4 tetrahedra.  The CuO5 units are edge-shared 
to each other to form a dimer unit.  These Cu2O8 dimer units are connected by the FeO6 
units to form a chain down the [010] direction (Fig. I.4).  These chains are interlinked by 
the FeO6 octahedra being corner-shared to PO4 tetrahedra.  In between the interlinked 
chains is where the K cations reside in a channel. 
This compound was not studied as a battery material owing to the low OCV of 
Cu2+/Cu+ redox couple (2.3 V).1  However, it is interesting that the mixed transition metal 
framework can give rise to open framework structures.  Therefore, it would be interesting 
to find two high reduction transition metals that could be used in rechargeable lithium 
batteries. 
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Table I.3 Crystallographic Data for KFeCu(PO4)2 
Chemical formula KFeCu(PO4)2 
Crystal color, shape Blue, Column 
Crystal size (mm) 0.14 × 0.15 × 0.23 
Formula weight (g/mol) 696.87 
Space group P21/c (no. 14) 
a (Å) 7.973(2) 
b (Å) 9.929(2) 
c (Å) 9.101(4) 
β (º) 116.23(2) 
V (Å3) 646.3(3) 
Z 2 
ρ(calc) (g/cm3) 3.581 
Linear abs. coeff. (mm-1) 7.730 
F000 684 
T (K) 293(2) 
Reflections collected 5281 
Reflections unique 1132 
Rint/Rsigmaa 0.0392/0.0985 
Secondary extinction 0.028(6) 
Final R1/wR2/GOF (all data) 0.0987/0.2735/1.286 
Largest difference peak (e-/Å3) 3.377 
Largest difference hole (e-/Å3) -2.028 
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a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
 
Table I.4 Atomic Coordinates and Equivalent Displacement Parameters for 
KFeCu(PO4)2. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
K 4e 1.0 0.1573(7) 0.1313(5) 0.0746(5) 0.021(2) 
Fe 4e 1.0 0.7699(4) 0.1252(3) 0.2567(3) 0.004(1) 
Cu 4e 1.0 0.4212(4) 0.1203(3) 0.5541(3) 0.019(2) 
P(1) 4e 1.0 0.8810(7) 0.0884(5) 0.6477(6) 0.007(2) 
P(2) 4e 1.0 0.4861(7) 0.1598(5) 0.8577(6) 0.002(2) 
O(1) 4e 1.0 0.895(2) 0.133(1) 0.499(2) 0.012(7) 
O(2) 4e 1.0 1.032(2) 0.990(2) 0.752(2) 0.008(7) 
O(3) 4e 1.0 0.901(2) 0.208(2) 0.760(2) 0.001(6) 
O(4) 4e 1.0 0.652(2) 0.114(2) 0.014(2) 0.000(6) 
O(5) 4e 1.0 0.609(2) 0.964(2) 0.256(2) 0.002(6) 
O(6) 4e 1.0 0.543(2) 0.254(1) 0.245(2) 0.005(6) 
O(7) 4e 1.0 0.685(2) 0.025(2) 0.599(2) 0.010(7) 
O(8) 4e 1.0 0.345(2) 0.237(1) 0.896(2) 0.003(6) 
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Figure I.3. Ball and stick representation of KFeCu(PO4)2 showing the channels down 
the c-axis. 
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Figure I.4. Transition metal framework of KFeCu(PO4)2 showing Cu2O8 dimers 
corner-shared to FeO6 octahedra. 
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Description of Ba2Fe3(AsO4)4Cl 
Another route to make large open-frameworks is to use divalent alkaline earth metals.  
However, the disadvantage with these compounds is their ion-exchange properties.  It is 
much harder to exchange a divalent cation than a monovalent cation with lithium.  This is 
because of the large electron density of the divalent cations.  Since alkaline earth metals 
have a 2+ charge, when Li+-exchange occurs, an oxidation of the transition metal would 
have to occur; which does not occur readily if the transition metal is in one of its highest 
oxidation states.  Also, the goal of this dissertation study is to have the transition metal in 
the discharge (lowest oxidation state) therefore able to be used directly as a cathode 
material in rechargeable lithium batteries. 
One compound that was found while investigating the divalent cation system is 
Ba2Fe3(AsO4)4Cl.  KO2 (0.02 mmol), FeO (0.02 mmol), CuO (0.03 mmol) and P4O10 
(0.0125 mmol) were used in a 0.25g reaction with a eutectic flux (m.p. = 621ºC) of  
CsCl/KCl (52:48 mol %) in a 3:1 charge to flux ratio by weight and ground in a nitrogen-
blanketed drybox.  The mixture was heated to 750°C at 1°C per minute, isothermed for 3 
days, followed by slow cooling to 450°C at 0.1°C per minute to promote crystal growth 
then furnace cooled to room temperature.  The as-prepared crystals are green columns.  
The crystallographic data and atomic coordinates are summarized in Tables I.5 and I.6.  It 
crystallizes in the orthorhombic space group Pbca (no. 61) with unit cell dimensions of a 
= 8.424(2) Å, b = 12.698(3), c = 27.082(5) and V = 2897(1) Å3. 
The X-ray single-crystal structure reveals a channel framework where the Ba cations 
reside (Fig. I.5).  The channel is made of FeO6 octahedra which are corner-shared with 
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AsO4 tetrahedra to form an 8-membered ring.  Furthermore, the structure contains three 
crystallographic Fe sites.  All the Fe sites are in the octahedral geometry; however 2 are 
formed from 6 coordination with oxygen atoms while the other forms an FeO5Cl 
octahedra.  The Fe(1)O5Cl octahedra are edge-shared with an Fe(2)O6 octahedra to form 
a dimer unit with a bond angle of 110.3(3)º.  This dimer unit is connected to the other 
isolated Fe(3)O6 unit by a corner-shared AsO4 tetrahedra (Fig. I.6). 
It was hypothesized that this material would demonstrate antiferromagnetic behavior 
due to the larger then 90º angle.  This allows the Fe to couple through super-exchange of 
the oxygen.  The magnetic susceptibility was measured on selected crystals that were 
ground into a fine powder.  From the temperature sweep (Fig. I.7), it can be seen that 
there is an antiferromagnetic transition around 70 K, as hypothesized.  The Curie-Weiss 
fit using χ = C/(T-θ) in the 200 – 300K region results in a negative Weiss constant, θ = -
135(1) K, hence suggesting that the overall high temperature spin exchange interactions 
are dominated by antiferromagnetic (AFM) interactions.  From the high-temperature 
susceptibility values, the effect magnetic moment is estimated to be µeff = 6.0(2), which is 
in the standard deviation of the calculated value for the µobs for Fe3+ (µobs = 5.91), which 
shows that the Fe sites contain all Fe3+ ions. 
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Table I.5 Crystallographic Data for Ba2Fe3(AsO4)4Cl 
Chemical formula Ba2Fe3(AsO4)4Cl 
Crystal color, shape Green, Column 
Crystal size (mm) 0.15 × 0.13 × 0.22 
Formula weight (g/mol) 1033.34 
Space group Pbca (no. 61) 
a (Å) 8.424(2) 
b (Å) 12.698(3) 
c (Å) 27.082(5) 
V (Å3) 2897(1) 
Z 8 
ρ(calc) (g/cm3) 4.738 
Linear abs. coeff. (mm-1) 14.041 
F000 2988 
T (K) 293(2) 
Reflections collected 20409 
Reflections unique 2541 
Rint/Rsigmaa 0.0587/0.0479 
Final R1/wR2/GOF (all data) 0.0518/0.1352/1.037 
Largest difference peak (e-/Å3) 3.705 
Largest difference hole (e-/Å3) -2.507 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table I.6 Atomic Coordinates and Equivalent Displacement Parameters for 
Ba2Fe3(AsO4)4Cl. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Ba(1) 8c 1.0 0.13497(7) 0.40313(5) 0.44247(2) 0.0205(4) 
Ba(2) 8c 1.0 0.13814(7) 0.42756(5) 0.26268(2) 0.0206(4) 
Cl 8c 1.0 0.3577(3) 0.4841(2) 0.35466(9) 0.029(1) 
As(1) 8c 1.0 0.3746(1) 0.37446(7) 0.54886(3) 0.0127(5) 
As(2) 8c 1.0 0.1286(1) 0.69123(7) 0.26292(3) 0.0132(5) 
As(3) 8c 1.0 0.8207(1) 0.35524(7) 0.35764(3) 0.0143(5) 
As(4) 8c 1.0 0.0845(1) 0.68844(7) 0.42546(3) 0.0136(5) 
Fe(1) 8c 1.0 0.5834(2) 0.3355(1) 0.65217(5) 0.0135(7) 
Fe(2) 8c 1.0 0.1776(2) 0.3787(1) 0.65942(5) 0.0118(6) 
Fe(3) 8c 1.0 0.3244(2) 0.64736(9) 0.52480(5) 0.0148(7) 
O(1) 8c 1.0 0.0949(8) 0.8188(5) 0.2597(3) 0.026(4) 
O(2) 8c 1.0 0.3742(7) 0.3708(5) 0.6117(2) 0.016(3) 
O(3) 8c 1.0 0.9599(7) 0.6032(5) 0.3982(2) 0.014(3) 
O(4) 8c 1.0 0.1287(7) 0.6276(5) 0.2070(2) 0.014(3) 
O(5) 8c 1.0 0.8017(7) 0.4684(5) 0.3259(2) 0.023(3) 
O(6) 8c 1.0 0.6786(7) 0.2757(5) 0.3365(3) 0.012(3) 
O(7) 8c 1.0 0.0091(8) 0.3139(5) 0.3474(2) 0.014(3) 
O(8) 8c 1.0 0.8214(8) 0.3724(5) 0.4184(2) 0.021(3) 
O(9) 8c 1.0 0.3479(7) 0.4920(5) 0.5237(2) 0.023(3) 
O(10) 8c 1.0 0.5520(7) 0.3240(5) 0.5358(2) 0.011(3) 
O(11) 8c 1.0 0.2285(7) 0.3019(4) 0.5235(2) 0.015(3) 
O(12) 8c 1.0 0.1306(7) 0.6204(5) 0.4776(2) 0.019(3) 
O(13) 8c 1.0 0.0089(7) 0.6146(5) 0.2972(2) 0.013(3) 
O(14) 8c 1.0 0.2449(7) 0.7120(5) 0.3889(2) 0.012(3) 
O(15) 8c 1.0 0.0194(7) 0.8111(5) 0.4367(2) 0.015(3) 
O(16) 8c 1.0 0.3160(8) 0.6785(6) 0.2845(3) 0.019(3) 
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Figure I.5. Ball and stick representation of Ba2Fe3(AsO4)4Cl showing the channels 
down the a-axis. 
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Figure I.6. Fe oxide framework of Ba2Fe3(AsO4)4Cl showing the edge-shared dimer 
unit which is connected to the third Fe by a corner-shared AsO4 tetrahedra. 
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Figure I.7. The plot of χ vs. χ-1 as a function of temperature for ground single crystals 
of Ba2Fe3(AsO4)4Cl. 
 
 430 
Description of salt included compounds: (CsCl)3CsMn3(P2O7)2, (CsCl)3Mn2(P2O7), 
(CsCl)K2M3(P2O7)2; M = Fe, Mn 
One of the thrusts of our research in exploratory synthesis is salt included compounds.  
Some of the compounds that have been previously synthesized are (BaCl)CuPO4,2 
(ACl)NbAsO5 (A = Rb, Cs),3 A2M3(X2O7)2-salt (A = K, Rb, Cs; M = Mn, Cu; X = P, As) 
(CU-2),4 (CsCl)2Na2Cu3(P2O7)2 (CU-4),5 Na5ACu4(AsO4)4Cl2 (A = Rb, Cs),6,7 
Cs2Cu7(P2O7)4-6CsCl (CU-9), Cs2Cu5(P2O7)3-3CsCl (CU-11),8,9 and Ba2Mn(Si2O7)Cl 
(CU-13)10. 
Salt included micro-porous compounds have several unique features, such as large 
pores and the ability to remove the salt, which draws attention to them for hydrogen 
storage applications.  Crystal growth in molten-salt media has resulted in the finding of 
new compounds. 
 
(CsCl)3CsMn3(P2O7)2 
The first compound that will be discussed is (CsCl)3CsMn3(P2O7)2.  It was first made 
when attempting to make a Mn analogue of CsK2Fe4(PO4)5.  There is a salt flux that is 
used as a solvent, however sometimes the salt acts as a reactant and gets incorporated into 
the structure, as in this case.  KO2 (0.03 mmol), Mn2O3 (0.02 mmol), and P4O10 (0.0125 
mmol) were used in a 0.25g reaction with a eutectic flux (m.p. = 621ºC) of  CsCl/KCl 
(52:48 mol %) in a 3:1 charge to flux ratio by weight and ground in a nitrogen-blanketed 
drybox.  The mixture was heated to 750°C at 1°C per minute, isothermed for 3 days, 
followed by slow cooling to 450°C at 0.1°C per minute to promote crystal growth then 
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furnace cooled to room temperature.  The as-prepared crystals of (CsCl)3CsMn3(P2O7)2 
are red columns.  The crystallographic data and atomic coordinates are summarized in 
Tables I.7 and I.8.  It crystallizes in the orthorhombic space group Cmcm (no. 63) with 
unit cell dimensions of a = 18.115(4) Å, b = 8.152(2), c = 14.105(3) and V = 2082.8(7) 
Å3. 
The X-ray single-crystal structure reveals a 3D framework consisting of channels in 
two directions where the Cs cations reside (Figs. I.8 & I.9).  The structure consists of 
MnO4Cln (n = 1, 2) polyhedra which are corner-shared to PO4 tetrahedra.  There are two 
channels which run down two different directions.  The channel down the [001] direction 
is formed by 4 MnO4Cl2 octahedra which are corner-shared by an apical Cl.  These 
MnO4Cl2 units are further corner-shared by PO4 tetrahedra which connect the MnO4Cl 
square pyramids creating a 10-membered ring.  The channel down the [010] direction is 
formed in a similar manner.  The MnO4Cl2 octahedra are corner-share to PO4 tetrahedra 
which are corner-shared to MnO4Cl square pyramids to form an 8-membered ring. 
Both of the MnO4Cln units consist of weak bonds to the Cl judging from the long Mn-
Cl bonds, 2.500 and 2.642 Å.  Therefore, when the crystal is soaked in water the Cl ions 
act as a salt and are washed out with the Cs.  This phase has not been investigated in this 
dissertation study for the ability to withstand the washing out of salt.  However, washing 
the salt out of these types of structures has been proven before by our group, to show that 
the salt can be washed out and reinserted into the structure.5  Thus this compound would 
be interesting to look at the chemisorption properties to see how much hydrogen could be 
stored in the washed sample. 
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Table I.7 Crystallographic Data for (CsCl)3CsMn3(P2O7)2 
Chemical formula (CsCl)3CsMn3(P2O7)2 
Crystal color, shape Red, Column 
Crystal size (mm) 0.11 × 0.12 × 0.22 
Formula weight (g/mol) 1150.68 
Space group Cmcm (no. 63) 
a (Å) 18.115(4) 
b (Å) 8.152(2) 
c (Å) 14.105(3) 
V (Å3) 2082.8(7) 
Z 4 
ρ(calc) (g/cm3) 3.669 
Linear abs. coeff. (mm-1) 10.079 
F000 1920 
T (K) 293(2) 
Reflections collected 8546 
Reflections unique 992 
Rint/Rsigmaa 0.0555/0.0458 
Final R1/wR2/GOF (all data) 0.0487/0.1073/1.165 
Largest difference peak (e-/Å3) 4.086 
Largest difference hole (e-/Å3) -0.886 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table I.8 Atomic Coordinates and Equivalent Displacement Parameters for 
(CsCl)3CsMn3(P2O7)2. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Cs(1) 8g 1.0 0.16035(4) 0.0141(1) 1/4 0.0182(5) 
Cs(2) 8f 1.0 0 0.25540(9) 0.48753(5) 0.0258(4) 
P 16h 1.0 0.8458(1) 0.4905(2) 0.6460(1) 0.0113(9) 
Mn(1) 4c 1.0 0 0.5277(3) 1/4 0.009(1) 
Mn(2) 8d 1.0 1/4 1/4 1/2 0.0145(8) 
O(1) 16h 1.0 0.9288(3) 0.4447(8) 0.6537(4) 0.014(3) 
O(2) 16h 1.0 0.8345(3) 0.6329(7) 0.5804(4) 0.029(3) 
O(3) 16h 1.0 0.7998(3) 0.3423(7) 0.6281(4) 0.022(3) 
O(4) 8g 1.0 0.8255(4) 0.560(1) 3/4 0.023(4) 
Cl(1) 8e 1.0 0.1572(2) 0 1/2 0.021(1) 
Cl(2) 4c 1.0 0 0.2210(6) 1/4 0.025(2) 
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Figure I.8. Ball and stick representation of (CsCl)3CsMn3(P2O7)2 showing the channels 
down the c-axis. 
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Figure I.9. Ball and stick representation of (CsCl)3CsMn3(P2O7)2 showing the channels 
down the b-axis. 
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(CsCl)3Mn2(P2O7) 
Another compound that was found in the same reaction as the compound above was 
(CsCl)3Mn2(P2O7).  The as-prepared crystals of (CsCl)3Mn2(P2O7) are colorless columns, 
thus making it easy to distinguish between (CsCl)3CsMn3(P2O7)2.  The crystallographic 
data and atomic coordinates are summarized in Tables I.9 and I.10.  It crystallizes in the 
monoclinic space group P21/c (no. 14) with unit cell dimensions of a = 7.126(1) Å, b = 
20.916(4), c = 12.484(4), β = 124.41(2)º and V = 1535.1(6) Å3. 
The X-ray single-crystal structure reveals a 3D layered framework where the Cs 
cations reside (Fig. I.10).  The layers consist of MnO4Cl square pyramids and MnO2Cl2 
tetrahedra which are corner-shared to PO4 tetrahedra.  The interesting feature of this 
compound is that it contains a neutral framework without A-site cations in the layers 
when the salt is washed out.  This could potentially give rise to large voids which would 
be beneficial for storage applications.   
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Table I.9 Crystallographic Data for (CsCl)3Mn2(P2O7) 
Chemical formula (CsCl)3Mn2(P2O7) 
Crystal color, shape Colorless, Column 
Crystal size (mm) 0.12 × 0.11 × 0.22 
Formula weight (g/mol) 788.89 
Space group P21/c (no. 14) 
a (Å) 7.126(1) 
b (Å) 20.916(4) 
c (Å) 12.484(4) 
β (º) 124.41(2) 
V (Å3) 1535.1(6) 
Z 4 
ρ(calc) (g/cm3) 3.413 
Linear abs. coeff. (mm-1) 9.573 
F000 1476 
T (K) 293(2) 
Reflections collected 11674 
Reflections unique 2684 
Rint/Rsigmaa 0.0940/0.1705 
Final R1/wR2/GOF (all data) 0.1737/0.4060/1.144 
Largest difference peak (e-/Å3) 7.327 
Largest difference hole (e-/Å3) -2.827 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table I.10 Atomic Coordinates and Equivalent Displacement Parameters for 
(CsCl)3Mn2(P2O7). 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Cs(1) 4e 1.0 0.5019(4) 0.8298(1) 0.1598(2) 0.039(2) 
Cs(2) 4e 1.0 0.3627(4) 0.8569(1) 0.5036(2) 0.038(2) 
Cs(3) 4e 1.0 0.1215(5) 0.9780(1) 0.7530(3) 0.051(2) 
Mn(1) 4e 1.0 0.892(1) 0.7268(3) 0.0368(6) 0.037(3) 
Mn(2) 4e 1.0 0.796(1) 0.5944(3) 0.4407(6) 0.041(3) 
P(1) 4e 1.0 0.961(2) 0.6947(5) 0.3154(8) 0.024(4) 
P(2) 4e 1.0 0.382(2) 0.6973(4) 0.3202(9) 0.022(4) 
Cl(1) 4e 1.0 0.988(2) 0.6337(4) 0.659(1) 0.056(6) 
Cl(2) 4e 1.0 0.835(2) 0.6053(5) 0.964(1) 0.046(6) 
Cl(3) 4e 1.0 0.704(3) 0.4843(6) 0.414(2) 0.077(9) 
O(1) 4e 1.0 0.827(4) 0.716(1) 0.177(3) 0.02(1) 
O(2) 4e 1.0 0.236(5) 0.716(2) 0.172(2) 0.04(2) 
O(3) 4e 1.0 0.205(7) 0.694(5) 0.355(4) 0.04(2) 
O(4) 4e 1.0 0.545(6) 0.744(2) 0.406(3) 0.06(2) 
O(5) 4e 1.0 0.491(7) 0.636(1) 0.343(6) 0.06(2) 
O(6) 4e 1.0 0.914(9) 0.628(2) 0.332(3) 0.17(4) 
O(7) 4e 1.0 0.97(1) 0.740(2) 0.413(4) 0.32(8) 
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Figure I.10. Ball and stick representation of (CsCl)3Mn2(P2O7) showing the layers 
along the c-axis. 
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(CsCl)K2M3(P2O7)2; M = Fe, Mn 
Alkali metal iron polyanions occur readily, however it is rare to see salt included iron 
polyanions form.  It is hypothesized that the reason for this could be due to FeCl3 being 
very hygroscopic, therefore not thermodynamically stable.  Therefore, when the reaction 
is open to air the salt included compounds absorb the water from the atmosphere and this 
destroys the crystals.  In spite of this, a few salt included iron polyanions have been 
found.  This could be due to the strong bonding of the Fe-O-X framework.  One example 
that was found in this dissertation study was (CsCl)K2Fe3(P2O7)2. 
This compound was found while trying to make a high yield of CsK2Fe4(PO4)5.  KO2 
(0.03 mmol), Fe2O3 (0.02 mmol), and P4O10 (0.0125 mmol) were used in a 0.25g reaction 
with a eutectic flux (m.p. = 621ºC) of  CsCl/KCl (52:48 mol %) in a 3:1 charge to flux 
ratio by weight and ground in a nitrogen-blanketed drybox.  The mixture was heated to 
750°C at 1°C per minute, isothermed for 3 days, followed by slow cooling to 450°C at 
0.1°C per minute to promote crystal growth then furnace cooled to room temperature.  
The as-prepared crystals of (CsCl)K2Fe3(P2O7)2 are colorless columns.  A Mn analogue 
was also found in a different reaction and is isostructural with the Fe phase.  The 
crystallographic data and atomic coordinates of (CsCl)K2Fe3(P2O7)2 are summarized in 
Tables I.11 and I.12.  It crystallizes in the monoclinic space group P2/c (no. 13) with unit 
cell dimensions of a = 7.631(2) Å, b = 5.372(1), c = 18.989(4), β = 100.95(3)º and V = 
764.3(3) Å3. 
The X-ray single-crystal structure reveals a 3D channel framework where the Cs and 
K cations reside (Fig. I.11).  The structure consists of FeO5 square pyramids and FeO4Cl2 
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octahedra which are corner-shared to PO4 tetrahedra.  There are two different shaped 
channels down the [010] direction; an 8-membered ring templated by 2 K+ cations and a 
6-membered ring templated by a Cs+ cation.  There are two crystallographic iron sites 
which form different geometries.  The Fe(1) sites are in the square pyramid geometry and 
are edge-shared to another Fe(1)O5 square pyramid to form a dimer unit.  The Fe(2) site 
is in an octahedral geometry and is corner-shared to another Fe(2)O4Cl2 octahedra to 
form a chain (Fig. I.12).  It is believed that these connectivities are what make the 
structure stable in air. 
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Table I.11 Crystallographic Data for (CsCl)K2Fe3(P2O7)2 
Chemical formula (CsCl)K2Fe3(P2O7)2 
Crystal color, shape Colorless, Column 
Crystal size (mm) 0.10 × 0.11 × 0.22 
Formula weight (g/mol) 761.98 
Space group P2/c (no. 13) 
a (Å) 7.631(2) 
b (Å) 5.372(1) 
c (Å) 18.989(4) 
β (º) 100.95(3) 
V (Å3) 764.3(3) 
Z 2 
ρ(calc) (g/cm3) 3.311 
Linear abs. coeff. (mm-1) 6.187 
F000 686 
T (K) 293(2) 
Reflections collected 5626 
Reflections unique 1345 
Rint/Rsigmaa 0.0466/0.0529 
Final R1/wR2/GOF (all data) 0.0603/0.1430/1.128 
Largest difference peak (e-/Å3) 2.721 
Largest difference hole (e-/Å3) -1.303 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table I.12 Atomic Coordinates and Equivalent Displacement Parameters for 
(CsCl)K2Fe3(P2O7)2. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Cs 2f 1.0 1/2 0.2051(1) 1/4 0.0827(7) 
K 4g 1.0 0.9140(2) 0.2208(3) 0.08578(9) 0.0162(8) 
Fe(1) 4g 1.0 0.3910(1) 0.2153(2) 0.03948(6) 0.0184(6) 
Fe(2) 2e 1.0 0 0.7185(3) 1/4 0.0158(7) 
P(1) 4g 1.0 0.5960(2) 0.6910(3) 0.12611(9) 0.0108(8) 
P(2) 4g 1.0 0.2123(2) 0.7203(3) 0.09983(9) 0.0102(8) 
O(1) 4g 1.0 0.0771(6) 0.7007(9) 0.1473(3) 0.017(2) 
O(2) 4g 1.0 0.7301(6) 0.7425(9) 0.1917(3) 0.012(2) 
O(3) 4g 1.0 0.4079(6) 0.7232(8) 0.1524(2) 0.011(2) 
O(4) 4g 1.0 0.2013(5) 0.9654(8) 0.0592(3) 0.011(2) 
O(5) 4g 1.0 0.2101(5) 0.5000(8) 0.0504(3) 0.016(2) 
O(6) 4g 1.0 0.5923(6) 0.8833(9) 0.0661(2) 0.021(2) 
O(7) 4g 1.0 0.5981(6) 0.4278(8) 0.0967(3) 0.019(2) 
Cl 2e 1.0 0 0.2195(5) 1/4 0.050(2) 
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Figure I.11. Ball and stick representation of (CsCl)K2Fe3(P2O7)2 showing the channels 
along the b-axis. 
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Figure I.12. The iron geometries in (CsCl)K2Fe3(P2O7)2 showing the dimer formed 
from edge-shared Fe(1)O5 square pyramids and the chain formed by corner-shared 
Fe(2)O4Cl2 octahedra. 
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Description of Silver Iron (III) Arsenates; Ag2Fe5O(AsO4)5 and Ag3Fe2(AsO4)3 
As discussed in the previous chapters, one goal that was targeted for primary lithium 
battery materials was to find new open-framework solids which contained 2 high 
reduction potential metals, Ag & Fe.  In the quest for new materials, several polyanions, 
such as V, P, and As were used to form new open-framework structures.  The vanadium 
compounds were interesting for battery testing due to all of the metals could be reduced 
therefore giving almost no wasted weight.  The phosphorus compounds, even though 
only the Ag and Fe were reducible, were light in weight therefore making a smaller 
percentage of wasted weight.  However, it was determined that the arsenic analogues had 
too many disadvantages (heavy weight, non-reducible) to make them appropriate for 
battery testing.  The arsenic system was still studied for information on new structure 
types which could be formed. 
 
Ag2Fe5O(AsO4)5 
One compound that was found in the limited study of silver iron (III) arsenates was 
Ag2Fe5O(AsO4)5.  It was initially found in a low yield (< 10%) while looking for an 
analogue to Ag4Fe5O2(PO4)5.  The reaction was then modified to make a more 
stiochiometric yield of the crystals using Ag2O (0.02 mmol), Fe2O3 (5 mmol), and As2O5 
(5 mmol) in a 0.5g reaction, ground in a nitrogen purged drybox, and heated to 800ºC at 
1ºC per minute.  The yield for this compound was much greater (~85%) in this reaction.  
The as prepared crystals are yellow chunks.  The crystallographic data and atomic 
coordinates are summarized in Tables I.13 and I.14.  It crystallizes in the monoclinic 
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space group P21/c (no. 14) with unit cell dimensions of a = 6.536(1) Å, b = 20.296(4), c 
= 12.473(3), β = 102.98(3)º and V = 1612.4(6) Å3. 
The X-ray single-crystal structure reveals a condensed framework (Fig. I.13).  There 
are 5 different crystallographic Fe sites all of which adopt the octahedral geometry.  All 
of these FeO6 octahedra are edge-shared to form a chain which runs down the [010] 
direction (Fig. I.14).  These chains of edge-shared FeO6 are connected through corner-
shared AsO4 tetrahedra.  The Ag cations lies within the framework however do not cause 
the formation of any opening in the structure.  Due to the condensed structure and the 
heavy weight of the arsenic this compound was not further pursued as a primary lithium 
battery material. 
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Table I.13 Crystallographic Data for Ag2Fe5O(AsO4)5 
Chemical formula Ag2Fe5O(AsO4)5 
Crystal color, shape Yellow, Chunk 
Crystal size (mm) 0.18 × 0.18 × 0.20 
Formula weight (g/mol) 1205.57 
Space group P21/c (no. 14) 
a (Å) 6.536(1) 
b (Å) 20.296(4) 
c (Å) 12.473(3) 
β (º) 102.98(3) 
V (Å3) 1612.4(6) 
Z 4 
ρ(calc) (g/cm3) 4.966 
Linear abs. coeff. (mm-1) 11.124 
F000 1617 
T (K) 293(2) 
Reflections collected 13263 
Reflections unique 2846 
Rint/Rsigmaa 0.1256/0.0872 
Final R1/wR2/GOF (all data) 0.1219/0.2424/1.054 
Largest difference peak (e-/Å3) 4.381 
Largest difference hole (e-/Å3) -2.307 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table I.14 Atomic Coordinates and Equivalent Displacement Parameters for 
Ag2Fe5O(AsO4)5. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Ag(1) 4e 1.0 0.4306(3) 0.4360(1) 0.3451(2) 0.028(1) 
Ag(2) 4e 1.0 0.8254(3) 0.4211(1) 0.8474(1) 0.032(1) 
As(1) 4e 1.0 0.2309(3) 0.4050(1) 0.0577(2) 0.021(1) 
As(2) 4e 1.0 0.4089(3) 0.7702(1) 0.0654(2) 0.024(1) 
As(3) 4e 1.0 0.3927(3) 0.3968(1) 0.6472(2) 0.024(1) 
As(4) 4e 1.0 0.9619(3) 0.2722(1) 0.7130(2) 0.024(1) 
As(5) 4e 1.0 0.9333(3) 0.4436(1) 0.3290(2) 0.024(1) 
Fe(1) 4e 1.0 0.8494(5) 0.4108(2) 0.5760(2) 0.021(2) 
Fe(2) 4e 1.0 0.4055(5) 0.4891(2) 0.8839(2) 0.029(2) 
Fe(3) 4e 1.0 0.2811(5) 0.6346(2) 0.9284(2) 0.023(2) 
Fe(4) 4e 1.0 0.1005(5) 0.1921(2) 0.9559(2) 0.025(2) 
Fe(5) 4e 1.0 0.4373(5) 0.2410(2) 0.6687(2) 0.023(2) 
O(1) 4e 1.0 0.752(2) 0.2235(7) 0.666(1) 0.009(6) 
O(2) 4e 1.0 0.196(2) 0.8187(7) 0.020(1) 0.029(8) 
O(3) 4e 1.0 0.551(2) 0.4215(8) 0.564(1) 0.022(8) 
O(4) 4e 1.0 0.152(2) 0.3868(7) 0.5638(1) 0.020(7) 
O(5) 4e 1.0 0.901(2) 0.3522(7) 0.705(1) 0.043(9) 
O(6) 4e 1.0 0.335(2) 0.6905(7) 0.060(1) 0.035(8) 
O(7) 4e 1.0 0.089(2) 0.3763(7) 0.346(1) 0.021(8) 
O(8) 4e 1.0 0.394(2) 0.5561(8) 0.001(1) 0.034(9) 
O(9) 4e 1.0 0.085(3) 0.5098(8) 0.331(1) 0.04(1) 
O(10) 4e 1.0 0.325(2) 0.4655(6) 0.147(1) 0.030(8) 
O(11) 4e 1.0 0.478(2) 0.3296(8) 0.721(1) 0.025(8) 
O(12) 4e 1.0 0.769(2) 0.4337(8) 0.206(1) 0.036(9) 
O(13) 4e 1.0 0.383(3) 0.4552(8) 0.737(1) 0.05(1) 
O(14) 4e 1.0 0.800(2) 0.4499(7) 0.430(1) 0.022(8) 
O(15) 4e 1.0 0.135(2) 0.2557(8) 0.633(1) 0.035(9) 
O(16) 4e 1.0 0.008(2) 0.3750(8) 0.076(1) 0.029(9) 
O(17) 4e 1.0 0.195(2) 0.4317(8) 0.925(1) 0.024(8) 
O(18) 4e 1.0 0.411(2) 0.3447(7) 0.089(1) 0.009(7) 
O(19) 4e 1.0 0.590(2) 0.7860(8) 0.988(1) 0.013(7) 
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O(20) 4e 1.0 0.516(2) 0.8001(8) 0.191(1) 0.039(9) 
O(21) 4e 1.0 0.056(2) 0.2591(7) 0.846(1) 0.033(8) 
 
 
 
 
 
Figure I.13. Ball and stick representation of Ag2Fe5O(AsO4)5 showing the condensed 
framework. 
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Figure I.14. Iron oxide framework of Ag2Fe5O(AsO4)5 showing the edge-shared FeO6 
units which form a chain down the b-axis. 
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Ag3Fe2(AsO4)3 
Another compound that was found while studying the silver iron (III) arsenate phases 
was Ag3Fe2(AsO4)3.  This is another compound that is in the A3Fe2(XO4)3 family.  Two 
compounds in this family were discussed in the previous chapters, where one was an 
analogue to the famous NaSICON-type framework. 
The as prepared crystals of Ag3Fe2(AsO4)3 are black chunks.  The crystallographic 
data and atomic coordinates are summarized in Tables I.15 and I.16.  It crystallizes in the 
rhombohedral space group R-3c (no. 167) with unit cell dimensions of a = 13.708(4) Å, c 
= 18.949(5), and V = 3084(2) Å3.  The X-ray single-crystal structure reveals a condensed 
framework (Fig. I.15).  There are 2 crystallographic Fe sites in the structure both 
adopting the octahedral geometry.  The Fe(2)O6 octahedra are edge-shared to 3 Fe(1)O6 
octahedra to form a tetramer unit.  These tetramers are connected by the AsO4 tetrahedra 
to form a pseudo-chain (Fig. I.16).  The Ag cations reside within the framework.  This 
compound was not further studied as a primary lithium battery material for the same 
reasons mentioned above; condensed framework and heavy arsenic. 
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Table I.15 Crystallographic Data for Ag3Fe2(AsO4)3 
Chemical formula Ag3Fe2(AsO4)3 
Crystal color, shape Black, Chunk 
Crystal size (mm) 0.11 × 0.12 × 0.15 
Formula weight (g/mol) 852.06 
Space group R-3c (no. 167) 
a (Å) 13.708(4) 
c (Å) 18.949(5) 
V (Å3) 3084(2) 
Z 12 
ρ(calc) (g/cm3) 5.506 
Linear abs. coeff. (mm-1) 18.948 
F000 4937 
T (K) 293(2) 
Reflections collected 7952 
Reflections unique 605 
Rint/Rsigmaa 0.0751/0.0634 
Final R1/wR2/GOF (all data) 0.0672/0.1770/1.136 
Largest difference peak (e-/Å3) 3.173 
Largest difference hole (e-/Å3) -2.031 
a Rint = Σ | Fo2- Fo2 (mean) | / Σ[ Fo2 ];  Rsigma = Σ | σ(Fo2) | / Σ [ Fo2 ] 
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Table I.16 Atomic Coordinates and Equivalent Displacement Parameters for 
Ag3Fe2(AsO4)3. 
Atom Wyckoff 
Notation 
SOF x y z Uiso 
Ag(1) 36f  0.833 0.2194(1) 0.32(1) 0.471(1) 0.056(1) 
Ag(2) 6b  1.0 0 0 0 0.035(1) 
As 36f 1.0 0.1827(1) 0.875(1) 0.1476(1) 0.014(1) 
Fe(1) 18e 1.0 0.2219(2) 0.2219(2) 1/4 0.015(1) 
Fe(2) 6a 1.0 0 0 1/4 0.014(1) 
O(1) 36f 1.0 0.1355(8) 0.638(8) 0.645(4) 0.023(5) 
O(2) 36f 1.0 0.1392(7) 0.715(8) 0.1887(4) 0.019(4) 
O(3) 36f 1.0 0.3249(7) 0.498(8) 0.1534(4) 0.008(4) 
O(4) 36f 1.0 0.1379(8) 0.8655(7) 0.1927(4) 0.028(5) 
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Figure I.16. Iron oxide network of Ag3Fe2(AsO4)3 showing the tetramer (Fe4O18) 
corner-shared to AsO4 tetrahedra to form a pseudo-chain. 
 
Figure I.15. Ball and stick representation of Ag3Fe2(AsO4)3 showing the condensed 
framework. 
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Conclusions 
In summary, several new compounds have been synthesized showing the rich 
structural chemistry in many different areas of solid state chemistry.  Although these 
compounds were not investigated for battery materials, they still show interesting features 
for other applications of storage, catalytic, and magnetic purposes. 
New alkali/alkaline earth metal, transition metal polyanions have been discovered.  
These compounds have shown interesting metal oxide networks that are worth 
investigating for magnetic proposes.  These compounds could help to further understand 
how metals couple and what promotes ferromagnetic transitions. 
The salt included compounds have been extensively studied by our group and more 
compounds are continually found.  These compounds show exciting applications for 
hydrogen storage due to their ability to wash the salt out of the framework.  This should 
cause large open voids for hydrogen to be adsorbed into the structure, for instance. 
Lastly, a new family of silver iron (III) arsenates was investigated.  Though these 
compounds are not useful for battery applications due to the condensed framework and 
large weight of the arsenic, they do have interesting iron oxide connectivity.  Both 
compounds incorporate interesting iron oxide units that are not normally seen in solid 
state frameworks.  This family of compounds could be investigated to see the different 
connectivities that iron oxides could form.  From these, analogues of different elements 
could be synthesized for better applications. 
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